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Summary
Antifreeze proteins (AFPs) are an important adaptation mechanism for organisms sub-
jected to subzero temperatures. The motivation of this thesis was to elucidate the distri-
bution of AFPs in sea ice diatoms and to study their function. The findings were used to
deduce the mechanisms of action and relevance in vivo.
Diatom isolates were tested in culture experiments for the presence of recrystallisation
inhibition activity, as a measure for AFP activity. Seven Arctic and four Antarctic di-
atom isolates were subjected to a temperature decrease and salinity shift resembling the
inclusion of the diatoms into sea ice. All tested polar diatom species showed AFP activity,
ten thereof even without being stressed. In three species, AFP activity was furthermore
up-regulated by the temperature and salinity shift. Cell numbers and photosynthetic
quantum yield indicated that cellular damage caused by the stress was more severe for
water column isolates than for isolates from the ice column. The correlation of recrys-
tallisation to the protein concentration for a Fragilariopsis nana Ant cell extract and a
recombinant AFP allowed the calculation of AFP concentrations as AFP equivalents. In-
tracellular concentrations of 0.3 µM to 68.5 µM AFP equivalents confirmed the function
of AFP as recrystallisation inhibitor and even come close to the concentrations required
for thermal hysteresis. As AFP equivalents made up 0.1% to 5% of the total cell protein,
diatoms invest a large amount of energy to produce AFPs. This indicates that AFPs are
an important factor for diatom success in sea ice.
Further, two isoforms of AFPs from Fragilariopsis nana were heterologously expressed
in Escherichia coli, to study their molecular function. Recombinant proteins were de-
posited in inclusion bodies, but successfully refolded to functionally active proteins with
respect to crystal deformation, recrystallisation inhibition and thermal hysteresis. The
two isoforms showed different characteristics. One isoform produced a thermal hysteresis
of up to 1.53 ◦C ± 0.53 ◦C and modified ice crystal growth to formation of hexagonal
bi-pyramidal shapes, whereas the other isoform produced a thermal hysteresis of up to
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2.34 ◦C ± 0.25 ◦C and ice crystals in the form of hexagonal columns. Thermal hysteresis
activity of both proteins was positively correlated with protein concentration. The AFP
activity increased with increasing buffer salinity in a linear correlation. High AFP concen-
trations or buffer salinities caused radial dendritic burst patterns of ice crystals in AFP
solution. Thermal hysteresis potentials, crystal deformation habits and burst patterns led
to the classification of both AFPs as hyperactive AFPs. In addition, the two isoforms
differed with respect to the signal for subcellular localisation. Preceding the antifreeze
domain, the gene of the first isoform carries a signal peptide indicating the secretion into
the extracellular space, whereas the second isoform has a long N-terminal sequence of
unknown function. We thus propose that AFPs have different functions in vivo, with
distinct localisations of the proteins inside or outside the cell.
To investigate AFP activity in situ, five cDNA libraries of eukaryotic communities from
Arctic and Antarctic sea ice were analysed for abundance and phylogenetic relationship
of AFP sequences. AFP transcripts were found in all sea ice cDNA libraries from the
Arctic (Kongsfjord) and Antarctic (Weddell Sea and Dumont d´Urville Sea). Abundances
of AFPs ranged from 115 to 1824 AFP transcripts per 100.000 reads. The different
abundances did not correlate with taxonomic distribution or environmental parameters of
the respective samples. Phylogenetic placement assigned 90% of the sequences to a clade
of AFPs from the diatoms Navicula glacei, Chaetoceros neogracile and the crustacean
Stephos longipes. The remaining 10% were placed into a separate clade of Fragilariopsis
AFP sequences. In the Arctic sample all AFP sequences were assigned to the Fragilariopsis
clade, whereas in only one Antarctic sample were some sequences found in this clade.
These findings indicate that AFPs play an important role for eukaryotic sea ice organisms
in their natural habitat and that the Navicula/Chaetoceros clade is more prominent than
the Fragilariopsis clade under the conditions investigated.
Zusammenfassung
Antifreeze-Proteine (AFPs, Gefrierschutzproteine) sind ein wichtiger Anpassungsmecha-
nismus fu¨r Organismen, die Temperaturen unter dem Gefrierpunkt ausgesetzt sind. Die
Motivation dieser Arbeit war es, die Verbreitung von AFPs in Meereis-Diatomeen sowie
die Funktionsweise dieser Proteine zu untersuchen. Die hier erzielten Ergebnisse liefern
Erkenntnisse u¨ber die Funktionsmechanismen und Bedeutung der AFPs in vivo.
Verschiedene Diatomeen-Arten wurden in Kultivierungs-Experimenten auf die In-
hibition von Rekristallisation, die als Maß fu¨r die Anwesenheit von AFPs angesehen
wurde, untersucht. Sieben arktische und vier antarktische Diatomeen-Isolate wurden einer
Temperatur-Erniedrigung und einer Salinita¨ts-Erho¨hung ausgesetzt. Dies sind Bedingun-
gen, die den Einschluss der Diatomeen ins Meereis simulieren. Alle Isolate aus den Po-
largebieten zeigten Rekristallisations-Inhibition, zehn der untersuchten Arten sogar ohne
zuvor den genannten Stressbedingungen ausgesetzt worden zu sein. In drei Arten wurde
die Aktivita¨t außerdem durch die herabgesetzte Temperatur und die erho¨hte Salinita¨t
versta¨rkt. Ein deutlicher Einbruch der Zellzahlen und des photosynthetischen Quanten-
Yields bei Isolaten aus der Wassersa¨ule zeigte, dass diese sta¨rker durch den Stress gescha¨digt
wurden, als die Isolate aus dem Meereis. Die Korrelation der Rekristallisations-Inhibition
zu den Proteinkonzentrationen eines Zellextrakts von Fragilariopsis nana sowie eines
rekombinanten AFP ermo¨glichte es, AFP-Konzentrationen in Form von AFP-A¨quivalenten
zu berechnen. Intrazellula¨re Konzentrationen von 0.3 µM bis 68.5 µM besta¨tigten, dass
die AFPs als Rekristallisations-Inhibitoren wirken, erreichen aber auch Konzentrationen,
die fu¨r thermale Hysterese (Gefrierpunkts-Erniedrigung) no¨tig sind. Der hohe Anteil
von 0.1% bis 5% AFP am Gesamtzell-Proteingehalt zeigt, dass Diatomeen viel Energie
aufwenden um AFPs zu produzieren. Dies wiederum weist darauf hin, dass AFPs von
großer Bedeutung fu¨r das U¨berleben der Diatomeen im Meereis sind.
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Um die molekularen Wirkungsmechanismen von Diatomeen-AFPs zu untersuchen,
wurden zwei AFP-Isoformen aus F. nana heterolog in Escherichia coli exprimiert. Die
rekombinanten Proteine wurden in E. coli zwar in denaturierter Form (inclusion bod-
ies) abgelegt, konnten aber zu funktionell aktiven AFPs zuru¨ckgefaltet werden, die z.B.
die Rekristallisation von Eis inhibierten. Die beiden Isoformen zeigten unterschiedliche
Eigenschaften. Eine der Isoformen erzeugte eine thermale Hysterese von 1.53 ◦C ± 0.53
◦C und vera¨nderte die Form von Eiskristallen hin zu einer Bildung von Bi-Pyramiden
mit hexagonaler Grundfla¨che. Die zweite Isoform hingegen erzeugte eine thermale Hys-
terese von bis zu 2.34 ◦C ± 0.25 ◦C. Eiskristalle in einer Lo¨sung dieses AFP wuchsen in
Form einer Sa¨ule mit hexagonaler Grundfla¨che. Die Ho¨he der thermalen Hysterese korre-
lierte positiv mit der AFP-Konzentration und die Aktivita¨t stieg linear mit zunehmendem
Salzgehalt des Puffers an. Bei hohen AFP-Konzentrationen oder hohen Puffer-Salinita¨ten
wurde ein explosionsartiges Wachstum der Eiskristalle in radial symmetrischen vera¨stelten
Formen beobachtet. Die Ho¨he der thermalen Hysterese sowie die Muster des explosion-
sartigen Wachstums klassifizieren beide AFP-Isoformen als hyperaktive AFPs. Die zwei
Isoformen unterscheiden sich weiterhin im Hinblick auf die Signale zur zellula¨ren Lokali-
sation. Wa¨hrend auf dem Gen der ersten Isoform vor der AFP-Doma¨ne ein Signalpeptid
zu finden ist, welches auf die Exkretion des AFP hinweist, hat das Gen der zweiten Iso-
form an gleicher Stelle eine Proteinsequenz unbekannter Funktion. Diese Signale und die
verschiedenen Eigenschaften deuten darauf hin, dass verschiedene AFP-Isoformen in vivo
an bestimmten Orten innerhalb und außerhalb der Zellen unterschiedliche Funktionen
erfu¨llen.
Um die Aktivita¨t von AFP-Genen in situ zu ermitteln, wurden fu¨nf cDNA (komple-
menta¨re DNS) Bibliotheken eukaryotischer Meereis-Gemeinschaften aus der Arktis und
Antarktis im Hinblick auf die Ha¨ufigkeit und Phylogenie von AFP-Sequenzen untersucht.
AFP-Transkripte wurden in allen Proben aus der Arktis (Kongsfjord) und der Antarktis
(Weddell-Meer und Dumont d´Urville Meer) gefunden. Die Ha¨ufigkeit der AFPs reichte
von 115 bis hin zu 1824 AFP-Transkripten pro 100.000 Sequenzen. Die unterschiedlichen
Ha¨ufigkeiten von AFP-Transkripten korrelierten weder mit der Artenzusammensetzung
XI
noch mit den Umweltbedingungen, die fu¨r die entsprechenden Proben bestimmt wurden.
Die phylogenetische Analyse ordnete 90% aller AFP-Transkripte einer Gruppe von AFP-
Sequenzen aus den Diatomeen Navicula glacei, Chaetoceros neogracile und dem Copepo-
den Stephos longipes zu. Die restilichen 10% der AFP-Sequenzen wurden einer Gruppe
von Fragilariopsis-AFPs zugeordnet, welche von der vorhergehenden Gruppe getrennt
ist. Hierbei wurden in der arktischen Probe alle Sequenzen der Gruppe von Fragilariopsis
AFPs zugeordnet, wa¨hrend nur eine der antarktischen Proben einige Sequenzen in dieser
Gruppe aufwies. Die Ergebnisse deuten darauf hin, dass AFPs unter natu¨rlichen Bedin-
gungen eine wichtige Funktion fu¨r eukaryotischen Meereis-Gemeinschaften haben, und
dass die Gruppe der Navicula/Chaetoceros-AFPs unter den untersuchten Bedingungen
eine gro¨ßere Bedeutung hat als die Gruppe der Fragilariopsis-AFPs.

1 Introduction
Proteins with cryoprotective functions, i.e. antifreeze proteins (AFPs), are found in a
range of organisms from all kingdoms of life. Expression of such speciﬁc proteins aids
the organisms to cope with the threats caused by subzero temperatures, for example the
formation of ice crystals, which can cause disruption of cellular membranes. DeVries and
Wohlschlag (DeVries1969) ﬁrst reported the presence a glycoprotein, which lowered the
freezing point of blood in the Antarctic ﬁsh Trematomus borchgrevinki. In the subsequent
decades, proteins with similar functions were found in insects (Patterson1979), plants
(Griﬃth1992), bacteria and fungi (Duman and Olsen 1993), microalgae (Raymond et al.
1994) and a crustacean (Kiko 2010) isolated from terrestrial habitats or sea ice. This
thesis aims to elucidate the importance of AFPs for diatom success in sea ice and to
study the molecular function of diatom AFPs.
Figure 1.1: Maximal sea ice extents in (a) the Arctic and (b) the Antarctic in
2011 obtained by remote sensing (Spreen et al. 2008). Source of the satellite images
http://www.iup.uni-bremen.de:8084/amsr/amsre.html (last accessed: 16 Sept 2011)
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2 INTRODUCTION
Polar sea ice can be considered one of the largest habitats on earth covering areas
of 14 million square kilometres in the Arctic and 16 million square kilometres in the
Antarctic during its maximum extent in winter and spring (Comiso and Nishio 2008)
(Fig. 1.1). Sea ice algae in both Polar Regions can make up 25% of the total production
in ice influenced regions (Legendre et al. 1992; Arrigo and Thomas 2004) and especially
diatoms flourish in the ice (Thomas and Dieckmann 2002; Arrigo and Thomas 2004). This
group of microalgae is well adapted to the habitat (Mock and Thomas 2005) and one of
the mechanisms seems to be the production of antifreeze proteins. In contrast to AFPs
from fish and insects, diatom AFPs have only been discovered quite recently (Raymond
et al. 1994), and not yet studied comprehensively.
The first section of this introduction describes the habitat sea ice, explaining sea ice
formation processes that cause the introduction of organisms into sea ice. Furthermore,
the abiotic conditions inside the sea ice habitat and the respective adaptation mecha-
nisms of the organisms are shown. The second section of the introduction comprehen-
sively presents antifreeze proteins as one of these adaptation mechanisms. The general
functions and molecular mechanisms derived from studying fish, insect and plant AFPs
are presented. This is followed by a review on the research done on diatom AFPs as
well as an introduction to molecular techniques, which can be applied to study antifreeze
proteins. The introduction closes with presentation of the objectives and outline of the
thesis.
1.1 The sea ice habitat
1.1.1 Sea ice formation and inclusion of organisms
In autumn, when sea water temperature drops below its freezing point (approx. -1.86
◦C), small ice crystals of mm to cm size, called frazil ice, form and float at the sea surface
(Lange et al. 1989). Frazil ice formation can also occur in water layers just below the
surface, followed by a rise of the crystals up to the sea surface. After formation of a thick
ice slurry, consolidation of the ice under turbulent conditions results in the formation of
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Figure 1.2: Diatoms attached to the edges of ice platelets being grazed by amphipods
small ice ﬂoes of 30 cm to 3 m diameter, the so-called pancake ice. The loose ice cover
dampens the wave action and thus the pancakes freeze together to form a continuous ice
cover, later termed pack ice. Under calmer conditions, i.e. low wind and wave action,
a thin layer of ﬂat congelation ice forms (Lange et al. 1989; Eicken and Lange 1989)
and the ice cover thickens by vertical growth of large ice crystals. In the process of sea
ice formation, the salt ions from seawater are expelled from the ice structure (Weeks
and Ackley 1982). This brine ﬁrst surrounds the smaller ice crystals, but when the ice
structure consolidates, the brine collects inside channels and pores of μm to cm size
(Fig. 1.3 a) (Weissenberger et al. 1992). An additional ice type, particularly in Antarctic
coastal areas, is platelet ice, which forms from supercooled water in the vicinity of ice
shelves (Dieckmann et al. 1986). Platelet ice accumulates below an existing sea ice cover
to extensive aggregations contributing to sea ice thickness but also constituting a rich and
unique habitat for microalgae, other microorganisms (Dieckmann et al. 1986; Dieckmann
et al. 1992) and higher trophic levels (Bluhm et al. 2010) (Fig. 1.2).
Marine microorganisms become incorporated into the ice through scavenging of par-
ticles by frazil ice crystals, when they pass through the water column (Garrison et al.
1989), or during the formation of platelet ice (Dieckmann et al. 1986). Organisms are,
furthermore, retained in the ice structure, when waves pump sea water through a thin sea
ice cover (Shen and Ackermann 1990). When the ice consolidates, the organisms end up
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in the brine channels and pores (Fig. 1.3 a). The biomass in the ice can often exceed that
in the underlying water column (Garrison et al. 1989). For example, chlorophyll values in
the ice can be two to three orders of magnitude higher than those in the underlying water
column (Eicken 1992; Lizotte 2001).
1.1.2 Sea ice microbial communities and abiotic conditions
The community of organisms incorporated and thriving in the ice comprises viruses, bac-
teria and microalgae and small metazoans (Thomas and Dieckmann 2002). A major part
of the biomass within sea ice is found in the lower part of the ice column and constitutes
the bottom ice community (Fig. 1.3 b and c). Further communities can be found through-
out the ice column (internal community) or at the surface of the ice column below the
snow cover (surface community) (Horner et al. 1992). In the Arctic, surface communities
or communities in melt ponds, which are established by melting processes in decaying sea
ice, are of importance as well (Horner et al. 1992; Kramer and Kiko 2011).
Throughout the ice column, environmental conditions like temperature, salinity and
light differ significantly. An example of temperature and salinity profiles of an ice core from
the Kongsfjord is shown in Fig. 1.3 d. Bottom ice communities encounter temperatures
and salinities similar to those of the underlying seawater, typically a salinity of 34 and
temperature of -1.86 ◦C. Internal communities have to cope with lower temperatures
and higher salinities, when the air temperature is lower than the seawater temperature.
Salinity increases from the bottom to the top with decreasing temperature ot the ice as
salt ions are not included into the ice matrix (Cox and Weeks 1983). Accordingly, the
brine volume and thus habitable space decreases. Temperatures at the ice surface depend
on the air temperature and snow cover and can easily drop to -20 ◦C with corresponding
brine salinities of over 200 (Cox and Weeks 1983). In contrast, light can be reduced by
up to 1000-times at the bottom ice community as it decreases with passage through the
snow cover and ice column due to backscatter and absorption (Eicken 1992). Similar to
the spatial distribution inside the ice column, the conditions change for organisms that
are being incorporated into the ice matrix during sea ice formation.
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Figure 1.3: The sea ice habitat: (a) Resin cast of brine channels, picture from Weis-
senberger et al. (1992). (b) Ice core with dense bottom ice community. (c) Schematic
drawing of a sea ice column, showing the diﬀerent communities. The internal community
can be found throughout the entire ice column inside the brine channels. (d) Temperature
(T) and brine salinity (Sbrine) proﬁles of an ice core drilled 8
th May 2009 in Kongsfjord,
Svalbard (sampling site of study in chapter 2). Brine salinity was calculated according to
Assur (1958).
1.1.3 Adaptation mechanisms of sea ice diatoms
Despite the adverse and variable conditions inside the sea ice brine pockets and channels,
the organisms thrive and proliferate due to a whole suite of physiological and biochemical
adaptations (Mock and Thomas 2005). Since lipid membrane ﬂuidity decreases at lower
temperatures, the composition is adjusted to a higher proportion of unsaturated, methyl-
branched or anteiso-branched fatty acids (Russell 1997). Membrane ﬂuidity is essential
for the integrity of cell membranes in general and membrane bound cellular processes, like
for example photosynthesis. Ice algae are generally low light adapted, showing photosyn-
thetic saturation and inhibition already at low irradiance (Kirst and Wiencke 1995). In
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comparison to the pigment composition of temperate diatom species, sea ice diatoms have
a higher concentration of fucoxanthin (Lizotte et al. 1998). This pigment absorbs light at
wave lengths, which penetrate sea ice and snow (Lizotte et al. 1998) and is responsible
for the typical brownish colour of diatom rich sea ice assemblages (Fig. 1.3 b). In the
brine, the availability of free water molecules is reduced by both freezing of pure water
and high salinity of the brine. To avoid dehydration by osmotic water eﬄux from the cell,
the microorganisms adjust the osmolyte concentration inside the cell e.g. by accumula-
tion of salts or compatible solutes to the surrounding medium (Thomas and Dieckmann
2002; Kirst 1990). Sea ice organisms have the ability, not only to adapt to these extreme
conditions, but also to acclimate in short time frames of minutes to hours (Mock and
Thomas 2005), a necessity since sea ice is not a static habitat but highly dynamic in its
melting and refreezing processes.
Figure 1.4: Diatoms in brine pockets. (a) and (b) Brine pockets (P) enclosing sea ice
diatoms (D). The right picture shows EPS stained with alcian blue. Pictures from Krembs
et al. (2002).
By secretion of organic substances, microorganisms in sea ice establish microhabi-
tats that buﬀer the cells against above mentioned stressors and environmental changes
(Thomas and Dieckmann 2002). Large amounts of exopolymeric substances (EPS), polysac-
charide components accumulated as gels around cells (Fig. 1.4), were found in Arctic sea
ice (Krembs et al. 2002). EPS produced by sea ice diatoms were proposed to have a
buﬀering role and to protect cells from harmful ice crystals (Krembs et al. 2002). This
complements earlier ﬁndings by Raymond and colleagues who report the presence of
proteinaceous exhudates from sea ice diatom assemblages with cryoprotective functions
(Raymond et al. 1994; Raymond 2000).
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Figure 1.6: Eﬀects of AFPs on ice: (a, b) Recrystallisation inhibition: (a) The nega-
tive control appears clear after the incubation period due to recrystallisation, (b) in the
presence of an AFP the sample appears turbid due to recrystallisation inhibition. (c-h)
Crystal deformation patterns in the presence of AFPs: (c) The negative control shows
a round ﬂat ice crystal. (d-f) Crystal patterns observed with hyperactive AFPs show
hexagonal shapes (d, e) and a dendritic, radial burst pattern (f). Scale bars for (a-f)
are 50 μm. (g, h) In the presence of the moderate type I ﬁsh AFP crystals develop to
a hexagonal bi-pyramid (g) and show a spicular burst pattern (h). Scale bars 100 μm
in (g) and 250 μm in (h), pictures (g, h) from Graether et al. (2000). Arrows indicate
direction of the c-axis, if not perpendicular to the paper plane like in (c, d, f). (i) Pitted
basal plane of an ice crystal in the presence of an ice active substance. Scale bar is 1
mm, picture from Raymond et al. (1994). (j) Schematic drawing of an ice crystal showing
the crystal faces and axes. The upper basal plane is shaded in blue, white planes are the
prism planes.
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Figure 1.7: Two-dimensional illustrations of spherical ice-caps growing between adsorbed
antifreeze proteins (red dots) on an ice surface below the melting point. (a) The convexity
changes with temperature until the diameter of the cap equals the adsorbance spacing d,
(b) and the crystal grows explosively. Modiﬁed after Kristiansen and Zachariassen (2005).
AFPs have been shown to attach to the ice surface via hydrophilic or hydrophobic
interactions (e.g. see Graether et al. 2000; So¨nnichsen et al. 1996). According to the
adsorption inhibition model by Raymond and DeVries (1977) new water molecules can
only be added to the ice surface in between the attached proteins (Fig. 1.7). Inside
the thermal hysteresis gap, curved ice-caps develop and the crystal does not grow visibly
(Fig. 1.7 a) (Raymond and DeVries 1977; Kristiansen and Zachariassen 2005). Once a
critical temperature and curvature is reached, the crystal bursts explosively (Fig. 1.7 b)
(Kristiansen and Zachariassen 2005).
Recrystallisation inhibition (RI) originates from the altered energy cost of grain bound-
ary migration for water molecules when the ice surface is covered by AFPs (Knight et al.
1988). Distorted ice crystals and pits on ice surfaces (Fig. 1.6 c-i) develop due to the
attachment of AFPs to deﬁned faces of a single ice crystal (Raymond et al. 1994; Scotter
et al. 2006) (see also Fig. 1.6 j). Ice growth is inhibited at these faces and can only occur
at the remaining protein-free crystal faces (Raymond et al. 1994; Scotter et al. 2006).
Depending on the nature of the AFP, typical ice crystal shapes develop (Fig. 1.6 c-h).
So-called moderate AFPs, e.g. found in ﬁsh, with maximal TH between 0.7 ◦C and 1.5 ◦C
(Duman 2001), bind to the prism planes and thus cause hexagonal bi-pyramidal crystals
with bursts along the c-axes of the ice crystal (Scotter et al. 2006) (Fig. 1.6 g, h, j).
So-called hyperactive AFPs, e.g. found in insects, cause TH of 3 ◦C to 6 ◦C (Duman
2001), usually bind to the prism and basal planes (Graether et al. 2000) and cause bursts
of radial symmetry in directions of the a-axes (Scotter et al. 2006) (Fig. 1.6 d, e, f, j).
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1.2.2 Distribution and function of AFPs from sea ice diatoms
In contrast to the broad knowledge on AFPs from fish, insects and plants, only a few
studies were published with information on AFPs from sea ice diatoms. Especially on the
molecular level, i.e. characteristics of single isoform AFPs and the interaction between
AFPs and ice as well as information on the phylogeny and evolution of AFPs based on
nucleotide or protein sequences, relative little information was available at the start of
the work presented here. In 1994, Raymond and colleagues described ice pitting activity
from interstitial water of a diatom rich platelet layer in McMurdo Sound in the Antarctic.
The activity was determined to be caused by a proteinaceous macromolecular fraction
(Raymond et al. 1994). In this and a later study similar activity was obtained from cell
lysates of seven the Antarctic diatom species, whereas no activity was found in temperate
diatom species (Raymond et al. 1994; Raymond 2000). Furthermore, it was determined
that the active substances were probably gylcoproteins of heterogeneous size distribution,
which occurred extracellularly and were solute dependent in their activity (Raymond
2000). Janech et al. (2006) report the production of ice binding proteins from four more
sea ice diatom cultures from the Antarctic and for the first time also from Arctic species
(see Appendix A for details on the investigated species Tables A.1, A.2). The authors
used the terms ice active substances (IAS) and ice binding proteins (IBPs) as the proteins
were especially effective in pitting of ice surfaces and causing other deformities, but did
not cause considerable freezing point depression (Raymond et al. 1994; Raymond 2000;
Janech et al. 2006). However, as outlined by Kiko (2010) the concentrations tested were
probably too low to detect TH, and the proteins cause effects on ice similar to those
observed for fish and insect AFPs (e.g. compare Raymond et al. 1989 and Raymond et al.
1994). To avoid confusion, in this thesis the term AFP will be used for all groups, as
proposed by (Kiko 2010).
The in situ function of the sea ice diatom AFPs is not yet clear and will strongly
depend on the protein concentration. For RI, e.g. only 100-500 times less AFP is needed
than for TH (Ewart et al. 1999). Raymond et al. (1994) proposed that ice pitting activity
might cause a roughening of ice platelet surfaces (Fig. 1.2). This could aid attachment
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of cells to the ice or increase light scattering, resulting in higher light availability for
photosynthesis (Raymond et al. 1994). Extracellular AFPs could also help to maintain
the brine channel structure similar as described for EPS (Raymond 2000; Krembs et al.
2000). It was proposed that RI might reduce freeze-thaw damage of cells or organelles
and thus act as cryoprotectants in diatoms (Raymond 2000; Raymond and Knight 2003).
Studies using molecular techniques on sea ice diatoms in have revealed further infor-
mation on their AFPs. First evidence of diatom AFP genes was obtained from a salt
stress expressed sequence tag (EST) library from Fragilariopsis nana1 (Krell et al. 2008)
and about the same time by protein sequencing and subsequent PCRs from Navicula
glacei (Janech et al. 2006). These sequences were related to AFPs from the snow mold
T. ishikariensis and to hypothetical proteins from the bacteria Cytophaga hutchinsonii
and Shewanella denitrificans (Janech et al. 2006; Krell et al. 2008). It was proposed that
the diatoms might have acquired AFP genes via horizontal gene transfer (HGT) from
either the fungi or bacteria (Janech et al. 2006). Diatom AFPs, however, might also have
evolved by convergent evolution from ancestral genes with different functions as reported
for plant and fish AFPs (Griffith and Yaish 2004; Cheng 1998; Sandve et al. 2008). As
AFPs were neither found in any temperate diatom species (Raymond 2000; Janech et al.
2006), nor were related genes observed in the genomes of the temperate diatoms Phaeo-
dactylum tricornutum and Thalassiosira pseudonana (Armbrust et al. 2004; Bowler et al.
2008), they seem to be an adaptation mechanism to cold and icy environments (Janech et
al. 2006). AFP genes from both, F. nana and N. glacei carried signal peptides indicating
the secretion of the proteins (Krell 2006; Janech et al. 2006) previously hypothesised by
Raymond (2000). One sequence of the F. nana AFPs did not carry a signal for subcellular
localisation (Krell et al. 2008).
1 The Fragilariopsis strain used in our lab, which was isolated by Thomas Mock from the Weddell
Sea in 1999, was called F. cylindrus in previous studies by Janech et al. (2006), Krell et al. (2008),
Bayer-Giraldi et al. (2010), Bayer-Giraldi et al. (2011) and chapters 3 and 4 of this study. According to
Lundholm and Hasle (2008) this strain is F. nana. In this thesis (except for chapters 3 and 4) the strain
and sequences derived thereof are corrected to Fragilariopsis nana.
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The nucleotide and protein sequences of the diatom and closely related AFPs differ
considerably from the well-studied fish, insect and plant AFPs (Janech et al. 2006; Krell
et al. 2008). Characterisations of this new group of AFPs include ice pitting, TH activity,
crystal morphology, recrystallisation inhibition (RI) and biochemistry from one bacterial
(Raymond et al. 2007), one fungal (Hoshino et al. 2003) and one diatom AFP (Janech
et al. 2006). The bacterial Colwellia sp. AFP was approximately 25 kD in size and showed
both, ice binding and RI activity, but only low TH (<0.1 ◦C, concentration not specified)
(Raymond et al. 2007). Purified Thyphula ishiraiensis AFP, 23 kDa in size, caused crystal
deformation and a TH of approx. 0.95 ◦C at a concentration of 20 mg protein mL−1
(Hoshino et al. 2003). The diatom AFP was an approx. 25 kDa protein, which caused ice
pitting on the basal plane of ice crystals, whereas TH was not determined (Janech et al.
2006).
1.2.3 Novel technologies to study AFPs
In addition to the classical approach of measuring antifreeze activity in cell lysates or
culture media (Raymond et al. 1994; Raymond 2000; Janech et al. 2006), molecular tools
can be applied to study the function and characteristics of AFPs. As already shown in
initial molecular studies on diatom AFPs by Janech et al. (2006) and Krell et al. (2008)
information can be gained that is not accessible with the classical methods. Sequencing
of whole genomes, like that of the Antarctic ice diatom F. nana (T. Mock, personal
communication), will reveal all AFP isoforms present in one species. The recombinant
expression of proteins offers a tool to produce high amounts of pure protein, which can
then be used for functional characterisation in vitro or structural studies via X-ray or
nuclear magnetic resonance (NMR) (So¨nnichsen et al. 1996; Ewart et al. 1999; Jia and
Davies 2002; Liu et al. 2007; Nishimiya et al. 2008).
All molecular studies on diatom AFPs have so far been pursued on unialgal cultures
in laboratory. Metagenomics and metatranscriptomics now offer tools to analyse the
presence and activity of genes in the environment as well as provide insights on gene
evolution, e.g. horizontal gene transfer (reviews by Heidelberg et al. 2010; Mock and
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Kirkham 2011). Metagenome and metatranscriptome data contribute significantly to the
knowledge on community composition and function, especially for prokaryotes in marine
environments (e.g. Venter et al. 2004; Rusch et al. 2007; Yooseph et al. 2007; Frias-Lopez
et al. 2008). Metagenome sequencing is, however, difficult to apply for eukaryotic com-
munities, e.g. due to the large genome size of eukaryotes compared to prokaryotes, the
presence of introns and the high repetitiveness (Heidelberg et al. 2010; Grant et al. 2006).
Transcriptomic studies are more applicable for eukaryotes and give information on the
actual gene activity of communities in situ (John et al. 2009). Metgenomic and meta-
transcriptomic data can also be employed to analyse the presence, activity and phylogeny
of single gene classes in the environment in comparison to cultured organisms (Sebastian
and Ammerman 2009). Metatranscriptomics are thus a suitable tool to study the activity
of AFPs in sea ice communities under given environmental conditions.
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1.3 Objectives and outline of this thesis
Antifreeze proteins have been studied only in a few diatom isolates and environmental
communities, mainly from the Antarctic. However, the molecular mode of action and
precise function of diatom AFPs is still not clear. This thesis aims to further our knowl-
edge on diatom AFPs by investigating AFP activity in diatom isolates with the focus
on Arctic species. The function of intracellular diatom AFPs is elucidated by studying
the molecular properties of two heterologously expressed AFPs and merging this informa-
tion with estimates on intracellular AFP concentrations. Information on in situ activity
of AFP genes is gained by analysing AFP genes from environmental eukaryotic sea ice
communities. The thesis is based on three studies, applying cultivation-based methods
and molecular tools. Each study is presented in a separate chapter, a summary of which
appears below.
Chapter 2 examines the distribution and activity of AFPs in several Arctic and Antarc-
tic diatom isolates. Unialgal diatom cultures were subjected to conditions resembling the
formation of sea ice and organism inclusion in the brine pockets in the central ice column,
i.e. a temperature shift of 4 ◦C to -4 ◦C and accompanying salinity change from 34 to
70. Assessing the recrystallisation inhibition activity of cell lysates provided insights into
the presence and regulation of antifreeze components. A comparison with RI activity
of a recombinant AFP was used to estimate the concentration and function of AFPs in
diatoms. This chapter addresses the hypotheses that AFP activity must be widespread
throughout the diatom phylogeny and also be present in Arctic species, and that AFPs
are an essential adaptation for diatom survival in sea ice. Furthermore, intracellular con-
centrations have to be high enough to be adequate for effective functioning.
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Chapter 3 describes the heterologous expression and characterisation of two an-
tifreeze proteins from Fragilariopsis nana. Molecular methods were applied to produce
single isoform AFP in Escherichia coli. Thermal hysteresis, recrystallisation inhibition
and crystal deformation patterns are used as the basis to discuss the functions of two dif-
ferent AFP isoforms. Information on the molecular action of the recombinant AFP with
ice crystals and on the dependence of the activity from protein and solute concentration
was derived. This chapter aims to answer the question, if AFPs have similar molecular
properties as fish or insect AFPs, although the protein sequences are basically different.
Chapter 4 reports the presence of AFP sequences in environmental samples from sea ice,
which resemble those found in diatoms. Large scale sequencing of cDNA from eukaryotic
sea ice communities was applied to study the functional expression and phylogenetic rela-
tionship of AFP genes in situ. Relative abundance and phylogeny of the environmentally
active AFP genes are compared to the taxonomical composition of the respective com-
munity and to the environmental conditions in the sample. This chapter addresses the
hypothesis that AFP genes have to be present and active in eukaryotic sea ice communi-
ties and are of relevance for diatoms in situ.
In the concluding discussion the main findings are summarised and the distribution and
phylogeny of diatom AFPs is evaluated with respect to the habitats and diatom taxon-
omy. The subcellular localisation and function of AFPs in diatoms is discussed. Possible
ecological roles of diatom AFPs in the sea ice habitat are considered and an outlook on
future research is given.
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2 Recrystallisation Inhibition in Arctic and
Antarctic diatom isolates
Christiane Uhlig, Tim Eberlein, Anika Seidler, Ba´nk Beszteri, Maddalena Bayer-Giraldi,
Andreas Krell, Gerhard S. Dieckmann
Abstract
Diatoms constitute one of the major fractions of biological assemblages in sea ice. They
contribute significantly to polar primary production and serve as important food source
for higher trophic levels. Diatoms are able to thrive in sea ice due to a suit of adaptation
mechanisms including the production of antifreeze proteins (AFPs). By subjecting cul-
tures of Arctic and Antarctic diatom species to high salinity and subzero temperatures, we
studied the abundance and activity of AFPs in polar diatom species spread over the entire
diatom phylogeny. AFP activity, measured as recrystallisation inhibition, was observed
in all 11 isolates, irrespective whether they were isolated from the water column or from
sea ice. AFP activity was regulated by temperature and salinity stress in Entomoneis sp.,
Navicula sp. sensu lato III and Porisira glacialis, whereas the 8 other species did not show
a clear regulation. Recrystallisation, measured with an optical recrystallometer, showed
an exponential decay function relative to the protein concentration for a Fragilariopsis
nana cell extract and a recombinant AFP. This correlation allowed us to estimate AFP
concentration as AFP equivalents per cell. Concentrations of 0.3 to 68.5 µM AFP equiva-
lent confirm the intracellular function of diatom AFPs as recrystallisation inhibitors, but
also lie in the range of concentrations required for thermal hysteresis.
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2.1 Introduction
Subjected to a seasonally changing extent, sea ice expands up to 16·106 km2 in Antarctica
and 14·106 km2 in the Arctic, thus constituting one of the largest ecosystems in the world
(Comiso and Nishio 2008). When sea ice forms pelagic organisms become incorporated
into microscopic channels and pockets (Gleitz and Thomas 1992; Eicken 1992) inside
the ice matrix. In the ice the organisms encounter subzero temperatures as low as -
20◦C and corresponding brine salinities of over 200 (Cox and Weeks 1983). Although
the organisms are exposed to rapid changes and extremes in abiotic conditions compared
to the relatively stable sea water system, biomass within the sea ice can exceed that
in the water column below by as much as a factor of 103 (Eicken 1992; Thomas and
Dieckmann 2002). In Antarctic waters, photosynthetic sea ice organisms contribute to
up to 5% of the annual primary production (Lizotte 2001). Diatoms frequently dominate
sea ice assemblages, contributing significantly to primary production (Lizotte 2001) and
serving as food source for higher trophic levels (e. g. krill, metazoans) (Krembs et al.
2000; Thomas and Dieckmann 2002; Loeb et al. 1997).
Organisms inhabiting brine channels and pores in sea ice are successful due to a whole
suite of physiological and biochemical adaptations (Mock and Thomas 2005). By accu-
mulation of salts as well as compatible solutes such as glycerol, sorbitol or proline (Kirst
1990) cells regulate osmolality and thus turgor pressure, when subjected to elevated salin-
ity. Through formation of poly-unsaturated fatty acids, membrane fluidity is maintained
under low temperatures (Nichols et al. 1995). Exopolymeric substances produced by bac-
teria and diatoms (e.g. Melosira arctica) can alter brine pore morphologies (Krembs et al.
2011) and create a microenvironment that protects the cells from dehydration and poten-
tially harmful ice crystals (Krembs et al. 2002). Raymond et al. (1994; 2003) previously
reported the release of ice active proteins by sea ice diatoms. These proteins can inhibit
recrystallisation, which is the growth of larger ice crystals at the expense of smaller ones,
and thus circumvent or reduce mechanical damage caused by ice crystals (Raymond and
Knight 2003; Janech et al. 2006). The proteins were reported to bind to the ice, thus
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causing pitting on ice surfaces (Raymond et al. 1989). Recently, AFPs from the diatoms
Chaetoceros neogracile and Fragilariopsis nana were also found to produce thermal hys-
teresis, i.e. to non-colligatively depress the freezing point (Gwak et al. 2010; Uhlig et al.
2011; Bayer-Giraldi et al. 2011). The in situ function of ice active proteins produced by
diatom is still under discussion but strongly depends on the in situ concentrations. Re-
crystallisation inhibition (RI) requires only 100 to 500 times less protein than thermal
hysteresis (TH) (Ewart et al. 1999). Due to the different characteristics and effects, the
nomenclature of these proteins varies and a multitude of methods has been developed to
study AFPs. Compliant with Kiko (2010 and Bayer-Giraldi et al. (2010) we will use the
term antifreeze proteins (AFPs). In this study we assess the recrystallisation inhibition
activity of AFPs using two different methods. A Clifton Nanolitre Osmometer was used
to measure AFP activity in terms of RI and crystal deformation and compared to RI
measured by an optical recrystallometer (Wharton et al. 2007).
Up to now information on AFP activity in diatoms is rather sparse. Several studies
report AFPs from single Antarctic diatom species like Navicula glacei (Janech et al. 2006),
Fragilariopsis nana and F. curta (Krell et al. 2008; Bayer-Giraldi et al. 2010), Chaetoceros
neogracile (Gwak et al. 2010), and ice associated diatom assemblages (Raymond et al.
1994; Raymond 2000; Raymond and Knight 2003). Raymond (2000) report ice pitting
activity in a sample dominated by pennate diatom from Resolute, Canada, Arctic. The
presence of diatom AFPs thus seems to be a bipolar phenomenon. As yet, there is no
information available on the broad phylogenetic distribution of AFPs in Bacillariophyta.
By demonstrating the presence of AFPs in several new diatom genera and families,
especially from the Arctic, this study contributes to the knowledge on the phylogenetic
and local distribution of AFPs in diatoms. The optical recrystallometer and a calibration
with a recombinant AFP, allowed us to estimate AFP equivalent concentrations within
the cell. Intracellular concentrations calculated are well within the range necessary for
recrystallisation inhibition and close to concentrations required for thermal hysteresis.
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2.2 Material and Methods
2.2.1 Recrystallisation inhibition and crystal deformation as-
says
The presence of AFPs in cell extracts was measured using an optical recrystallometer
(Otago Instruments) (Wharton et al. 2007) and a nanolitre osmometer (according to
Kiko 2010) (Clifton Technical Physics). Both instruments can be used to measure recrys-
tallisation. A freshly frozen sample appears opaque due to the formation of a multitude
of small crystals, since little light will pass through the sample. Recrystallisation causes
the growth of lager crystals, the scatter inside the sample decreases, more light passes
through and the sample appears brighter or transparent. In the presence of a recrystalli-
sation inhibitor (e.g. AFP) the opacity does not or hardly decrease.
For measurements with the optical recrystallometer 150 µL sample was transferred to
the bottom of a glass tube that serves as sample holder and frozen in a freezer for 1 h at
-20 ◦C. The tube was transferred on ice to the instrument, quickly wiped with a paper
towel to remove condensation and inserted into the measuring block. The sample was
kept at -4.0 ◦C ± 0.2 ◦C for one hour and the transmission of light was logged. An index
of recrystallisation (ROR) was calculated as follows:
(2.1) ROR=T60-T10, with T t: transmission (in mV) at time t (in min).
Dilution series of F. nana Ant cell extract (5 - 200 µg mL−1) and of a recombinant AFP
(fcAFP) (Bayer-Giraldi et al. 2011) (0.02 - 20 µg mL−1) were assayed in the optical re-
crystallometer. The calibration curve resulting from fcAFP was used to calculate the
concentration of AFP equivalents (cAFPeq) in cell extracts. The AFP fraction of total
protein (AFPeq) was calculated by dividing the cAFPeq by the total protein concentration
used for the measurement (approx. 150 µg µL−1).
(2.2) cAFPeq(µg µL
−1)=10((R−4,6)/(−3,2))
(2.3) AFPeq (of total protein) = cAFPeq / ctotal · 100
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In the nanolitre osmometer the sample was loaded in duplicates to the sample holder
and deep frozen to approx. -40 ◦C. After reaching the annealing temperature of -4.0 ◦C
the turbidity of samples was documented at 0 and 20 min incubations. In addition, the
deformation of crystals caused by the presence of AFPs was determined. For this pur-
pose, the crystals were melted until only one small crystal remained. Subsequently, the
temperature was lowered slowly to initiate crystal growth. Without AFP activity, crys-
tals grow as circular disks, whereas they show deformations to hexagons, stars, or other
sharper edges in presence of AFP (Bravo and Griffith 2005). In order to compare nanolitre
osmometer results from different samples, we developed a scheme to classify results for
recyrstallisation and crystal deformation. Numbers denote respective observations: (1)
presence of RI and deformed crystals in both samples, (2) RI in one of both samples
and deformed crystals, (3) no RI but deformed crystals and (4) neither RI nor deformed
crystals.
2.2.2 Diatom cultures
All Arctic diatom cultures, except for Thalassiosira nordenskioeldii CCMP 997, were
isolated from sea ice collected in Kongsfjord from 2nd till 8th May 2009 (for details see
Table 2.1 and 2.2). Antarctic cultures were kindly supplied by the UTS Sydney, University
of East Anglia or were available at the Alfred Wegener Institute for Polar and Marine
Research (Table 2.2). Previous studies by Mock and Valentin (2004) and Krell et al.
(2007; 2008) were done with F. nana Ant (isolated by Mock, 1999), however, in those
studies called F. cylindrus. Lundholm and Hasle (2008) identified this culture as F. nana
and hence it will be referred to accordingly in our study.
Stock cultures were grown in ANT F/2 medium (Guillard and Ryther 1962) at 5
◦C under continuous illumination of approximately 25 µmol photons m−2 s−1. Cultures
were clonal but non-axenic. Stock cultures were handeled by aseptic procedures, whereas
experimental cultures were treated as clean as possible but non-sterile. A culture of
the temperate diatom Phaeodactylum tricornutum was kept in ANT F/2 medium under
continuous illumination of 25 µmol photons m−2 s−1 and 20 ◦C and used as negative
control for AFP activity measurements.
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2.2.3 Strain identification
Cells were harvested on polycarbonate filters (pore size 1.2 µm, Millipore), immediately
frozen in liquid nitrogen and stored at -80 ◦C. Genomic DNA was isolated using the
DNeasy Kit Plant Mini Kit (Qiagen) according to the manufacturers protocol except for
the following modification. For lysis, cells were washed off the filter with 400 µL AP1
buffer and incubated for 1 h at 65 ◦C after adding RNAse and Proteinase K to final
concentrations of 1 µg µL−1 and 0.01 µg µL−1, respectively. 18S rDNA was amplified
using the Phusion Polymerase (Finzymes) and primers EukA (1F) and EukB (1528R)
(Medlin et al. 1988) with the following cycling conditions: initial denaturation at 98 ◦C
for 2 min, followed by 34 cycles each comprising 98 ◦C for 5 sec, 62 ◦C for 30 sec and 72
◦C for 90 sec; and finally 72 ◦C for 5 min. PCR products were purified with the MinElute
PCR Purification Kit (Qiagen) and amplified with each of the primers EukA (1F), E528F
(528F) (Edgcomb et al. 2002) or 1055R (Elwood et al. 1985) and 1528R (EukB) (Medlin
et al. 1988) using the ABI Prism BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) in a temperature program of one initial step of 96 ◦C for 1 min followed by
30 cycles of 96 ◦C for 10 sec, 60 ◦C for 5 sec and finally 60 ◦C for 3 min. Products were
prepared with the DyeEx Kit (Qiagen) and analysed on an ABI Prism 3130xl Genetic
Analyzer (Applied Biosystems).
Vector clipping and assembly of partial sequences was accomplished in Gap v4.10 from
the Staden Package (Staden 1996). Assembled sequences were aligned in the SILVA Web
Aligner (Pruesse et al. 2007) SSU database release version 103 including the ten nearest
neighbour sequences of each sequence into the result. This database was merged in ARB
(Ludwig et al. 2004) with the SILVA SSUref database release version 102, which was
previously reduced to all diatom sequences and three bolidophytes as outgroup.
Additionally, cultures were characterised by light and scanning electron microscopy
(SEM). Living samples were studied in Uthermo¨hl chambers using an Axiovert inverted
microscope (Carl Zeiss). Raw material and frustules, cleaned according to Simonsen
(Simonsen 1974), were dried onto circular glass coverslips. After coating samples with
gold/palladium, SEM pictures were taken in a Quanta FEG 200 (FEI).
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2.2.4 Experimental procedures
Six replicate cultures of each species were grown in 2 L Erlenmeyer flasks filled with
1.3 L ANT F/2 medium (Guillard and Ryther 1962) aerated with sterile filtered air.
Temperature and light regime was kept at 5 ◦C and continuous illumination of 25 µmol
photons m−2 s−1 in Rumed light thermostats (Rubarth Apparate GmbH). During the
exponential growth phase the replicates were split into three replicates of control cultures
that were kept at 5 ◦C and a salinity of 34, and three replicates of cultures treated at a
lowered temperature of -4 ◦C and elevated salinity of 70. Salinity was elevated by addition
of approx. 200 mL brine (25 g Sea Salts (Sigma) in 100 mL ANT F/2) into the culture
flask at a rate of 1 mL min−1 (Ismatec REGLO Digital, Ismatec). To account for dilution
effects the same amount of ANT F/2 medium was added to the non-treated cultures. The
temperature of the thermostats was lowered to -4 ◦C simultaneously to the start of the
brine addition. Cultures were monitored at respective conditions for 5 to 8 days after this
treatment.
Samples for determination of cell densities were taken every other day, preserved in
a final concentration of approx. 5% Lugol´s solution (Throndsen 1978) and stored at
5 ◦C in the dark for later enumeration. Additional samples were preserved in a final
concentration of 5% buffered Formalin (Merck) and stored at 5 ◦C for later determination
of potential bacterial contamination. Samples were stained with DAPI (4’,6-diamidino-2-
phenylindole-dichloride (Merck)) at 5 µg µL−1 final concentration, filtered on respective
filters used for sampling, and studied with fluorescent light (365nm) under an Axioskop
2 (Carl Zeiss) microscope.
To determine the presence of AFPs, samples were taken immediately before the treat-
ment, two days after the treatment and at the end of the experiment. Approximately
250 mL culture volume was filtered on polycarbonate filters (Millipore) of a pore size
between 1.2 and 5.0 µm, depending on the cell size of the species. Filters were flushed
with approx. 100 mL sterile filtered seawater to reduce bacterial contamination, before
they were transferred into cryo vials and flash frozen in liquid nitrogen. Samples were
stored at -80 ◦C until processing.
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Physiology
Maximum photosynthetic quantum yield of photosystem II (Fv/Fm) was monitored daily
or every other day as a proxy for general cell fitness (Maxwell and Johnson 2000). Cells
were dark adapted at the experimental temperature for 15 min and subsequently analysed
using a Xenon-PAM-Fluorometer (Walz, Germany). Cell densities were determined from
Lugol preserved samples using Sedgwick-Rafter Cells (S50, Graticules) and a stereomi-
croscope (Carl Zeiss).
Preparation of cell extracts
Cells were washed off the filter with 1 mL homogenisation buffer (10 mM Tris, 100 mM
NaCl, pH 8.0 at 4 ◦C) and transferred to a microcentrifuge tube. Disruption of cells
was achieved by 5 cycles of 1 min continuous sonication at a power setting of 15 to
20% (Sonopuls HD 2070 sonicator, Bandelin). The samples were kept on ice during
the entire treatment. The homogenate was centrifuged at 20,000 g at 4 ◦C for 15 min
and the supernatant collected for further analysis. In cases of low protein concentration
in the supernatant, sonication was repeated after adding 1 mL homogenisation buffer
to the pellet produced during centrifugation. Protein concentrations of supernatants
were determined with the modified Bradford assay described by Zor and Selinger (1996)
measuring at wavelengths of 450 and 600 nm (instead of 590 nm) in a Synergy HT plate
reader photometer (BioTek). A standard curve was prepared with BSA for each plate.
Total protein concentration of the lysates was adjusted to a concentration of 150 µg
mL−1 by concentration over Amicon Ultra-0.5 Centrifugal filter devices (10K) (Millipore)
or dilution with the homogenisation buffer. For sample concentration the columns were
used according to the manufacturers recommendations with centrifugation steps of 14,000
g at 4 ◦C for 8 min and a prior wash step with 400 µL of the cell extraction buffer. The
presence of AFPs in cell extracts was measured using an optical recrystallometer (Wharton
et al. 2007) and a nanolitre osmometer (Clifton Technical Physics) as described above.
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Stability under temperature and protease
The effect of temperature and protease on antifreeze activity was tested for one sample
of each species. Protein concentration in the cell extracts was 150 µg mL−1. Pronase
E (Sigma) was added to a final concentration of 1 mg mL−1. Negative controls were
run with BSA at 1 mg mL−1 instead of Pronase E. Samples were incubated for 1 h at
20 ◦C and tested for activity with the nanolitre osmometer. Subsequently, samples were
incubated for an additional 20 min at 95 ◦C and the activity assayed. Selected samples
were digested at higher protein concentration and analysed on SDS-PAGE (Laemmli 1970)
with Coomassie staining to verify successful digestion.
2.3 Results
2.3.1 Comparison of methods for determination of recrystalli-
sation inhibition
In the Clifton Nanolitre Osmometer the buffer control and the BSA negative controls
did not show recrystallisation inhibition (RI) activity (Fig. 2.1 a). The presence of a
non-AFP protein (BSA or P. tricornutum cell extract) resulted in some RI measured in
the optical recrystallometer compared to the buffer control without protein (Fig. 2.1 a).
Low protein content or low activity (i.e. buffer without BSA, all BSA concentrations, all
P. tricornutum cell extracts and 5 and 10 µg µL−1 F. nana cell extract) resulted in high
variability in the optical recrystallometer (Fig 2.1 a).
For the F. nana cell extracts we defined two different categories in the Clifton Nano-
litre Osmometer; lower activity (category 2) for 5-50 µg protein mL−1 and higher activity
(category 1) at 100-200 µg protein mL−1 (Fig. 2.1 a). Recrystallisation (ROR) measured
with the optical recrystallometer showed an inverse linear correlation to the protein con-
centration (µg mL−1) on log10 scale for a F. nana cell extract and the recombinant AFP
(fcAFP) (Fig. 2.1 b). For the F. nana cell extract the correlation was linear in a con-
centration range of 5-50 µg mL−1. At 5 µg protein mL−1 F. nana cell extract showed RI
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comparable to the negative control P. tricornutum (R=7.48 (±1.00) at 150 µg mL−1).
Above 50 µg protein mL−1 in F. nana cell extract, with R=2.44 (±0.50), no further
decrease of recrystallisation was observed. For the recombinant fcAFP the correlation
was linear from 0.02 to 20 µg mL−1, with values between R=10.23 (±1.32) and R=0.45
(±0.27), respectively. The slopes of both regressions did not differ significantly with -3.95
(±0.89) for F. nana cell extract and -3.24 (±0.36) for fcAFP. By comparing both cali-
brations we set a valid calibration range of 2.44 <R >7.48 to calculate AFP equivalents
of total protein (AFPeq) in the cell extracts.
2.3.2 Strain identification
Taxonomic identification of the Arctic isolates was based on 18S rDNA sequences, light
microscopy and SEM, although species level identification was challenging, due to the
scarcity of reference literature from these habitats. Results of all methods matched well
except for isolate KFV C1, which grouped into the Nitzschia clade based on 18S analysis,
whereas microscopic observations clearly indicated its classification into Naviculaceae.
The three strains identified as Navicula sp. sensu lato will be referred to as Navicula sp.
in the following. Species investigated in this study are listed in Tables 2.1 and 2.2, and
light and electron micrographs, as well as phylogenies showing their classification based
on 18S rDNA sequences, can be found in supplementary materials (Supplementary Fig.
2.15, 2.16, 2.17, 2.18, 2.19, 2.20, 2.20, 2.21, 2.22).
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Figure 2.1: Recrystallisation (R) vs. protein concentration of BSA (black squares) and
cell extracts of F. nana Ant (red circles), P. tricornutum (green triangles), recombinant F.
nana AFP (fcAFP) (Bayer-Giraldi et al. 2011) (blue squares) and buffer without protein
(black circles). (a) Comparison of R against protein concentrations measured with the
optical recrystallometer (closed symbols) and the Clifton Nanolitre Osmometer (open
symbols). (b) Linear inverse correlation of R to log10 of the protein concentration. A
low R value indicates high recrystallisation inhibition, OR: optical recrystallometer, NO:
nanolitre osmometer
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2.3.3 Physiology and AFP activity under temperature and salin-
ity stress
Navicula sp. I grew exponentially at rates of 0.49 (±0.06) (control) and 0.44 (±0.08)
(treated) divisions day−1 (Supplementary Table 2.3). Regardless of the change in temper-
ature and salinity, treated cultures maintained a similar growth as the controls. Photosyn-
thetic quantum yield of the treated cultures decreased from 0.65 (±0.05) to 0.46 (±0.08)
during treatment, whereas control cultures were stable at 0.66 (±0.01) up to day 4 (Fig.
2.2), subsequently declining until the end of the experiment. RI activity was present in
all measured Navicula sp. I cultures. Activity increased for the treated cultures after the
stress induction, whereas the activity of the non-treated culture stayed constant (Fig. 2.2
and 2.13).
Fragilariopsis nana Arc grew exponentially at rates of 0.49 (±0.04) (control) and 0.55
(±0.04) (treated) divisions day−1 (Supplementary Table 2.3). Upon stress induction,
treated cultures show a decrease in cell number stabilising by the end of the experiment.
The control cultures first continued growing until they reached the stationary phase,
which was followed by a decrease in the last two days of the experiment. Photosynthetic
quantum yield of the treated cultures declined upon treatment from 0.60 (±0.03) to 0.27
(±0.04), whereas control cultures were stable at 0.59 (±0.02) up to day 2 (Fig. 2.3),
subsequently slightly decreasing until the end of the experiment. Prior to treatment (T0)
control cultures did not show RI activity. All other treatments of F. nana Arc showed
RI, with the maximal value for the treated cultures 7 days after the treatment (T2) (Fig.
2.3 and 2.13).
Navicula sp. II grew exponentially at rates of 0.44 (±0.02) (control) and 0.41 (±0.02)
(treated) divisions day−1 (Supplementary Table 2.3). Regardless of the change in tem-
perature and salinity, treated cultures maintained a slow growth until day 3 after the
beginning of the treatment. The control cultures also reached their maximum cell num-
ber 3 days after T0, followed by a rapid decrease. Photosynthetic quantum yield of the
treated cultures decreased upon treatment from 0.56 (±0.05) to 0.21 (±0.04), whereas
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control cultures increased from 0.54 (±0.06) to 0.70 (±0.01) (Fig. 2.4). High RI activity
was present in all Navicula sp. II cultures, yet activity in the treated cultures increased
after the stress induction. Maximal RI values were obtained for the non-treated cultures
at T2 (Fig. 2.4 and 2.13).
Entomoneis sp. grew exponentially at rates of 0.49 (±0.02) (control) and 0.48 (±0.01)
(treated) divisions day−1 (Supplementary Table 2.3). The change in temperature and
salinity arrested growth in the treated cultures. Control cultures reached the maximum 3
days after T0 and stayed in stationary phase. Photosynthetic quantum yield of the treated
cultures decreased upon stress induction from 0.74 (±0.01) to 0.44 (±0.04), subsequently
recovering to 0.57 (±0.05) towards the end of the experiment (Fig. 2.5). Control cultures
showed a stable photosynthetic quantum yield of 0.73 (±0.02). Reasonable RI activity
was only found in Entomoneis sp. cultures after the change of temperature and salinity,
whereas only a slight activity was also found in the control samples at T2 (Fig. 2.5 and
2.13).
Navicula sp. III grew exponentially at rates of 0.44 (±0.03) (control) and 0.43 (±0.02)
(treated) divisions day−1 (Supplementary Table 2.3). The change in temperature and
salinity caused a slight decrease in cell numbers and arrested growth in the treated cul-
tures, whereas control cultures continued growing. Photosynthetic quantum yield of the
treated cultures decreased upon stress induction from 0.68 (±0.01) to 0.48 (±0.05) and
thereafter recovered to 0.54 (±0.01) (Fig. 2.6). In control cultures photosynthetic quan-
tum yield decreased slightly from day 3 until the end of the experiment. RI activity was
elevated in Navicula sp. III cultures after the change in temperature and salinity, yet
some activity was also found for the control samples except for T0 (Fig. 2.6 and 2.13).
Nitzschia sp. grew exponentially at rates of 0.47 (±0.03) (control) and 0.46 (±0.04)
(treated) divisions day−1 (Supplementary Table 2.3). The change in temperature and
salinity caused a decrease in cell numbers in treated cultures, with a subsequent slight re-
covery. Control cultures reached their maximum 1 day after T0, subsequently merging into
stationary phase. Photosynthetic quantum yield of the treated cultures decreased upon
treatment from 0.66 (±0.01) to 0.46 (±0.03) and thereafter recovered to 0.54 (±0.01).
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Control cultures had a stable photosynthetic quantum yield of 0.67 (±0.01) upon day 3
after stress induction, followed by a slight decrease until the end of the experiment (Fig.
2.7). High RI activity was present in all measured Nitzschia sp. cultures. In the control
cultures, activity increased over the course of the experiment, whereas it was not triggered
by the change in temperature and salinity (Fig. 2.7 and 2.13).
Thalassiosira nordenskioeldii grew exponentially at rates of 0.55 (±0.05) (control)
and 0.49 (±0.05) (treated) divisions day−1 (Supplementary Table 2.3). The change in
temperature and salinity arrested growth in the treated cultures. Control cultures reached
a maximum cell density 3 days after T0 and stayed in a stationary phase till the end of the
experiment. Photosynthetic quantum yield of the treated cultures decreased upon stress
induction from 0.72 (±0.01) to 0.49 (±0.05) Fig. 2.8) whereas control cultures showed a
stable photosynthetic quantum yield of 0.72 (±0.01). RI activity was absent (control) or
low (treated) at T0 in T. nordenskioeldii cultures, whereas it increased for treated and
non-treated cultures at the later sampling points (Fig. 2.8 and 2.13).
Fragilariopsis nana Ant grew exponentially at rates of 0.68 (±0.09) (control) and 0.61
(±0.08) (treated) divisions day−1 (Supplementary Table 2.3). Upon stress induction, cell
numbers in treated and non-treated cultures dropped until day 3 after the treatment. In
both treatments growth resumed and the stationary phase was reached on day 6. The
salinity and temperature stressed cultures attained maximum cell numbers of approx. 60%
of those in the controls. Photosynthetic quantum yield of the treated cultures declined
from 0.60 (±0.02) to 0.33 (±0.08), upon stress induction, whereas control cultures were
stable at 0.59 (±0.01) until day 2 (Fig. 2.9) and subsequently decreased slightly until the
end of the experiment. RI activity was present in all F. nana Ant cultures, but in the
treated cultures increased continuously after subjection to the temperature and salinity
stress (Fig. 2.9 and 2.13).
Eucampia antarctica grew exponentially at rates of 0.33 (±0.04) (control) and 0.36
(±0.06) (treated) divisions day−1 (Supplementary Table 2.3). Due to change in tempera-
ture and salinity, cell numbers of treated cultures dropped slightly and remained constant,
whereas the control continued growing exponentially after one day. Photosynthetic quan-
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tum yield of the treated cultures declined upon stress induction from 0.61 (±0.01) to
0.10 (±0.03), whereas control cultures were stable at 0.63 (±0.03) until the end of the
experiment (Fig. 2.10). RI activity was found in E. antarctica cultures, yet protein
concentration in the stressed cultures was too low to exhibit activity (Fig. 2.10 and 2.13).
Proboscia inermis grew exponentially at rates of 0.45 (±0.06) (control) and 0.50
(±0.02) (treated) divisions day−1 (Supplementary Table 2.3) after a short lag phase (Fig.
2.11). Upon stress induction, growth of treated cultures stopped. At the same time the
cell numbers in control cultures decreased and resumed growing after day 1. Photosyn-
thetic quantum yield of the treated cultures declined from 0.59 (±0.08) to 0.10 (±0.02)
upon stress induction, whereas control cultures were stable at 0.56 (±0.03) until the end
of the experiment (Fig. 2.11). RI activity was found in P. inermis cultures and increased
in control cultures during the course of the experiment (Fig. 2.11 and 2.13).
Porisira glacialis grew exponentially at rates of 0.29 (±0.01) (control and treated)
divisions day−1 (Supplementary Table 2.3). After the change in temperature and salin-
ity, growth of treated cultures ceased, whereas the control cultures continued growing
exponentially. Photosynthetic quantum yield of the treated cultures declined upon stress
induction from 0.55 (±0.01) to 0.37 (±0.06). Control cultures showed maximum quantum
yield values of 0.66 (±0.03) (Fig. 2.12). RI activity was not observed in control cultures
of P. glacialis and increased in the treated cultures due to the temperature and salinity
treatment (Fig. 2.12 and 2.13).
2.3.4 AFPeq content estimation
Applying the correlation of the recrystallisation measured with the optical recrystallome-
ter (ROR) to the protein concentration of fcAFP, we were able to calculate AFP equivalents
(AFPeq) per cell. The slight recrystallisation inhibition in the negative control (P. tri-
cornutum) at a protein concentration of 150 µg mL−1 (Fig. 2.1 a) resulted in a calculated
value of 0.11% (±0.07%) AFPeq of total protein (cf. Eq. 2.2, 2.3; Fig. 2.13). This value
was considered as a baseline and no predication on AFP activity or presence can be drawn
from data below this baseline. In some cases, however, even when RI observed with the
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Navicula sp. sensu lato I − KFI B2
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Figure 2.2: Navicula sp. sensu lato I - KFI B2: The cultures were treated alike until day
0, when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Fragilariopsis nana Arc − KFII A4
0
10
20
30
40
(x
10
3 )
c
e
l
l
s
 
m
L−−
1
l
l
l
l
l
l l
l l
l
l l
l
l
l
l
l
5°C, S=34
−4°C, S=70
0
0.2
0.4
0.6
0.8
p
h
o
t
o
s
y
n
t
h
e
t
i
c
 
q
u
a
n
t
u
m
 y
i
e
l
d
l l l
l l l
l l l l l
l l l
l l
l
l
l l l l l l
0
2
4
6
8
10
12
R
(O
R
)
neg. control
5°C, S=34
−4°C, S=70
−6 −4 −2 0 2 4 6
R
(N
O
)
time (days)
0
1
2
3
4
Figure 2.3: Fragilariopsis nana Arc - KFI B2: The cultures were treated alike until day
0, when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1. A low R value indicates high recrystallisation
inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Navicula sp. sensu lato II − KFIII A2
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Figure 2.4: Navicula sp. sensu lato II - KFIII A2: The cultures were treated alike until day
0, when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Entomoneis sp. − KFV B4
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Figure 2.5: Entomoneis sp. - KFV B4: The cultures were treated alike until day 0,
when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Navicula sp. sensu lato III − KFV C1
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Figure 2.6: Navicula sp. sensu lato III - KFV C1: The cultures were treated alike until day
0, when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1. A low R value indicates high recrystallisation
inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Nitzschia sp. − KFV C2
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Figure 2.7: Nitzschia sp. - KFV C2: The cultures were treated alike until day 0, when they
were split into triplicates of control and treated cultures. T0 sampling was performed just
before the treatment. Dashed horizontal lines indicate values obtained for the negative
control P. tricornutum. Total protein concentration of the cell extracts used for the R
measurement was 150 µg mL−1. A low R value indicates high recrystallisation inhibition,
NO: nanolitre osmometer, OR: optical recrystallometer.
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Thalassiosira nordenskioeldii − CCMP 997
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Figure 2.8: Thalassiosira nordenskioeldii - CCMP 997: The cultures were treated alike
until day 0, when they were split into triplicates of control and treated cultures. T0
sampling was performed just before the treatment. Dashed horizontal lines indicate values
obtained for the negative control P. tricornutum. Total protein concentration of the cell
extracts used for the R measurement was 150 µg mL−1. A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Fragilariopsis nana Ant − TM99
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Figure 2.9: Fragilariopsis nana - TM99: The cultures were treated alike until day 0,
when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1. A low R value indicates high recrystallisation
inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Eucampia antarctica − CCMP 1452
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Figure 2.10: Eucampia antarctica - CCMP 1452: The cultures were treated alike until day
0, when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Proboscia inermis − UTS08
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Figure 2.11: Proboscia inermis - UTS08: The cultures were treated alike until day 0,
when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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Porosira glacialis − UEA09
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Figure 2.12: Porosira glacialis - UEA09: The cultures were treated alike until day 0,
when they were split into triplicates of control and treated cultures. T0 sampling was
performed just before the treatment. Dashed horizontal lines indicate values obtained for
the negative control P. tricornutum. Total protein concentration of the cell extracts used
for the R measurement was 150 µg mL−1 if not indicated differently by small numbers (1:
100-150 µg mL−1, 2: 50-100 µg mL−1, 3: 0-50 µg mL−1). A low R value indicates high
recrystallisation inhibition, NO: nanolitre osmometer, OR: optical recrystallometer.
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optical recrystallometer resulted in AFPeq below this baseline, additional observations
with the Clifton Nanolitre Osmometer did provide evidence on AFP activity (Fig. 2.2,
2.3, 2.5). AFPeq in all control cultures (T0, T1, T2) and cultures prior to treatment (T0)
range from 0.05% (±0.03%) to 7% (±1%), whereas subsequent to treatment, cultures
(T1 and T2) had 0.6% (±0.2%) to 5.6% (±4.7%) AFPeq (Fig. 2.13). Minimal values of
AFPeq are thus about ten times higher after treatment (0.6%) than prior to treatment
(0.05%), whereas maximal values cannot be separated (7% before vs. 5.6% after).
Total AFPeq per cell (i.e. g(AFPeq) cell−1) increased with increasing cell size. For
the small species F. nana Ant (45 µm3) total AFPeq cell−1 was lowest with values of
0.02 to 0.08 pg total AFPeq cell−1. In comparison, the large Nitzschia sp. II (18,000
µm3) contained 10 to 58 pg total AFPeq cell−1. Taking into account the total protein
concentrations in the cells AFPeq in both species is about 0.3 to 7%. Entomoneis sp.
did not follow this trend and had rather low total AFPeq content of 0.08 to 2.83 pg total
AFPeq cell−1 compared to the cell size (5300 µm3).
2.3.5 Stability under temperature and protease
Eight out of eleven protein extracts were susceptible to incubation for 1 h at moderate
temperature of 20 ◦C with or without additional protease treatment (Fig. 2.14). The
protein extract of P. glacialis completely lost AFP activity, whereas the other 7 affected
samples showed only a reduced activity. Additional incubation at 95 ◦C resulted in a loss
of activity for five more species (Fig. 2.14). For two species the activity was only lost after
incubation at 95 ◦C and protease (Navicula sp. II, T. nordenskioeldii). For cell extracts
of F. nana Arc, Entomoneis sp. and P. inermis no loss in activity was observed upon
treatments at 20 ◦C, but activity was completely eliminated when incubated at 95 ◦C with
either BSA or protease. A protease treatment and subsequent SDS-PAGE analysis with
Coomassie staining showed that digestions were successful. A sample of Ovalbumin as
well as cell extracts from F. nana Ant and P. tricornutum were degraded after incubation
with Pronase E for 1 h at 20 ◦C (data not shown).
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Figure 2.14: Stability of AFP activity with respect to protease and temperature treatment.
Extracts were ﬁrst incubated with Pronase E or BSA for 1 h at 20◦C and subsequently
with respective additives for 20 min at 95◦C. Low R (recrystallisation) value indicates
high recrystallisation inhibition.
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2.4 Discussion
2.4.1 Methods for RI and AFP measurement
In comparison to the Clifton Nanolitre Osmometer, where microscopic observations are
biased by the experimentator, data acquired with the optical recrystallometer is objective
as readouts are done by the device (Wharton et al. 2007). The optical recrystallometer
produces quantitative results indicated by the logarithmic function of standard curves
(Fig. 2.1 b), whereas the nanolitre osmometer is half quantitative allowing the classifica-
tion of results only into categories like no, low or high recrystallisation inhibition. The
higher sensitivity of the nanolitre osmometer was advantageous for our study, e.g. the low
protein content sample (5 µg mL−1) of F. nana ANT cell extract clearly showed activity
in the nanolitre osmometer (category 2), but was not distinguishable from the negative
control in the optical recrystallometer (Fig. 2.1 a). AFP concentrations in some cell
extracts were low, thus failing to produce RI. Nevertheless in those samples we were often
able to determine crystal deformation with the nanolitre osmometer. A combination of
both methods allowed us to draw conclusions on the fraction of AFP present in the cell
extracts (optical recrystallometer), as well as to obtain information on samples with low
AFP content (nanolitre osmometer).
AFP-independent RI activity was found for BSA and P. tricornutum cell extracts with
the optical recrystallometer (Fig. 2.1 a). As explained by Knight et al. (1988), molecules,
especially large ones, stabilise grain boundaries by reducing the grain boundary energy
and disturb grain boundary migration by forcing water molecules to diffuse around them.
This results in a weak inhibition of recrystallisation. The RI observed for BSA and P.
tricornutum thus constitutes a baseline or background activity. AFP independent RI was
not observed in the nanolitre osmometer, which thus appears to be a valuable method to
verify negative controls.
In samples with high protein concentration and high RI activity we observed an effect
of the sample matrix on RI activity. Increasing the protein concentration of F. nana cell
extract in the calibration did not lead to any further decrease in R (no values below R=2.44
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(±0.50)), whereas for other cell extracts and fcAFP we observed values as low as 1.33
(±0.21) and 0.45 (±0.27), respectively (Fig. 2.1, 2.4, 2.6, 2.7, 2.9). Solutes like salts, sug-
ars, amino acids, peptides change the osmolality of a sample, attracting water molecules
for the hydration of these solutes that is not included the surrounding ice crystals (Wolfe
et al. 2002). This leads to an increased amount of liquid water molecules available for ice
restructuration. For samples containing a complex matrix, like cell extracts, this might
result in an elevated recrystallisation activity compared to pure samples of single proteins
in a defined buffer. To study the effect of matrices in detail, further experiments should
include tests of different non-active matrices (e.g. BSA or P. tricornutum cell extracts)
at fixed protein concentration (e.g. 150 µg mL−1), spiked with changing concentrations of
RI active protein (e.g. fcAFP). It is important to consider both effects (AFP independent
recrystallisation inhibition activity and the matrix effect) when interpreting the results
and to include appropriate negative controls, providing a similar matrix as present in the
samples.
2.4.2 Taxonomy and ecology
All Arctic taxa investigated, such as Nitzschia spp., Navicula spp., Entomoneis spp. and
Thalassiosira spp. were reported to commonly occur in Kongsfjord sea ice (Hop et al.
2002). Thalassiosira nordenskioeldii, Fragilariopsis spp., Navicula spp. and Nitzschia spp.
were also frequently found in the water column in the Kongsfjord (Hop et al. 2002; Hasle
and Heimdal 1998). All Antarctic taxa investigated here were reported to occur in sea ice of
the Weddell Sea in different frequencies ranging from regular (E. antarctica, P. glacialis, P.
inermis) to dominant (F. nana) (Bartsch 1989; Hager 2008). We also identified sequences
with high similarities of 97.6% to P. inermis and above 99.5% to E. antarctica and F. nana
Ant in an environmental 18S library from East Antarctic sea ice (110-130◦E) (J. Kegel,
personal communication). Sequences with high similarities (>99.5%) to F. nana were
also present in an 18S library from Weddell Sea ice (J. Kegel, personal communication).
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2.4.3 Physiology and AFP activity under salinity and tempera-
ture stress
Physiological data from this study fit well with the ecological observations of the Antarctic
species. The species E. antarctica, P. inermis and P. glacialis, which are less frequently
found in sea ice (Bartsch 1989), were most severely damaged by the stress conditions, as
indicated by arrested cell growth, a severe drop in quantum yield and low total protein
concentration (Fig, 2.10, 2.11, 2.12). A similar stress response (reduction of total protein
per cell) was also reported for P. tricornutum under heat stress (Rousch et al. 2004). The
low protein concentrations in several samples of E. antarcica and P. inermis preclude
any conclusions on RI activity regulation, but it is apparent that these species are able
to produce AFPs (Fig. 2.10, 2.11). In contrast, F. nana Ant, representing a dominant
species in Weddell Sea ice (Bartsch 1989), reacted to the temperature and salinity stress
with a smaller drop in photosynthetic quantum yield and cell numbers and with an up-
regulation of AFPs (Fig. 2.9 and (Bayer-Giraldi et al. 2010)).
T. nordenskioeldii (Fig. 2.8), although not isolated from the ice, coped equally well
with the stress conditions compared to the Arctic cultures isolated from ice. Navicula
sp. I (Fig. 2.2) appeared to be the most robust of all investigated species. The decrease
in photosynthetic quantum yield was rather small and the cultures showed positive cell
growth after only five days of acclimation to the stress conditions. Cell numbers of treated
cultures cannot be statistically distinguished from untreated cultures at any time during
the course of the experiment, due to the late exponential phase at the beginning of the
treatment and early decline of the control culture.
AFP activity was clearly triggered by temperature and salinity stress in Entomoneis
sp., Navicula sp. III and P. glacialis. For all other species, freezing and salinity stress did
not result in a clear pattern of AFP activity. This was probably caused by the differences
in growth phases between the species when applying the stress. Moreover, high deviations
between the replicates of every species and treatment distort clear trends.
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In all control cultures and cultures prior to treatment (non-induced), AFP activity
was low for Entomoneis sp., Navicula sp. III and T. nordenskioeldii (Fig. 2.5, 2.6, 2.8),
whereas Navicula sp. II and Nitzschia sp. (Fig. 2.4, 2.7) showed quite high levels. We did
not observe a correlation between higher stress tolerance, with regard to photosynthetic
quantum yield or growth, to non-induced AFP activity.
Increasing AFP activity during the experiment in the control treatments (5◦C, S=70)
at T1 and T2 (Fig. 2.13) can possibly be explained by the late stage of the growth phase.
Some cultures had already reached the stationary phase on T0 (Fig. 2.2, 2.3, 2.7). An
up-regulation of AFP genes under senescence (due to nutrient limitation) in F. nana Ant
was already observed in earlier experiments (Uhlig 2006).
2.4.4 Content and function of AFPs in diatoms
Temperature and protease sensitivity of the cell extracts indicate that recrystallisation
inhibition activity, i.e. antifreeze activity, is mainly of proteinaceous nature. Control
treatments and SDS gels with F. nana Ant and P. tricornutum cell extracts showed that
the digestion was successful. Nevertheless, AFP activities of some isolates were rather
resistant to temperature and Pronase E treatments (Fig. 2.14). Doucet et al. (2000)
previously reported that antifreeze activity from some plant and lichen samples remained
even after proteins were degraded. They hypothesised that some activities might be
caused by non-protein components (Doucet et al. 2000). Glycolipids from a beetle were
for example recently, shown to produce thermal hysteresis (Walters et al. 2009). Species
tested contained a calculated amount of 0.1-5% AFP equivalent of total cell protein, which
is rather high. It is comparable to or even higher than the content of the photosystem II
proteins PsbA and PsbD in diatoms. Under growth at low light (30 µmol photons m−2
s−1) values of 0.15% and 0.42% were reported for Thalassiosira pseudonana and 0.07 and
0.08% for Coscinodiscus radiatus, respectively (Wu et al. 2011). Total AFPeq amount
per cell was found to increase with increasing cell size. Smaller cells like F. nana Ant
contain about 500 times less AFPeq than the 400 times bigger Navicula sp. II cells. Since
total protein per cell also increases with diatom cell size (Hitchcock 1982), the fraction of
AFPeq per total protein is not affected (Fig. 2.13).
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The presence of notable AFP contamination of bacterial origin can be excluded as
samples were filtered and washed to reduce bacterial contamination and checked with
DAPI staining (data not shown).
Cellular AFP levels estimated in this study indicate high AFP concentrations for some
cultures tested. For F. nana Ant 20 to 80 fg AFP equivalent per cell were calculated from
ROR (index of recrystallisation assessed with the optical recrystallometer) in this study,
which is 30 to 120 times higher than AFP content determined by Bayer-Giraldi et al.
(2011) using immunoblot (0.7 fg per cell). Several aspects can lead to the discrepancy
observed between both methods. Experiments showed that the antibody raised against
one AFP isoform binds to several of the of AFP isoforms in F. nana Ant, but due to
sequence differences between the isoforms it does not bind to all, i.e. two out of three tested
recombinant AFPs (Fig. 2.23). The immunoblot will, accordingly, underestimate total
AFP concentration. In contrast, RI assessed in this study will encompass all RI active
substances, which might be even more single proteins or other compounds than the actual
AFP isoforms identified. Also RI measurements will overestimate AFP concentration (in
the low concentration range), since some RI is caused by non-AFP compounds, like e.g.
observed for P. tricornutum cell extracts. The intracellular AFP content is likely to
be between a minimum of 0.7 fg per cell (immunoblot) and a maximum of 80 fg per
cell (RI measurements). These concentrations (0.016 mg mL−1 to 1.8 mg mL−1) are,
however, still 5 to 2000 times lower than those reported for fish blood with 10 to 35 mg
mL−1 (So¨nnichsen et al. 1996; Barrett 2001; Davies et al. 2002). Our measurements and
calculations addressed the fraction of intracellular AFPs, since cell lysates were prepared
from filtered cells and the culture medium discarded. In previous studies it was shown
and discussed that diatom AFPs carry signals for subcellular localisation, especially signal
peptides for secretion of the AFPs (Janech et al. 2006; Krell et al. 2008). Possible functions
of secreted AFPs were proposed by Bayer-Giraldi et al. 2011. In their experiments fcAFP
modified the ice microstructure to a more porous mushy texture probably resulting in
higher brine retention and surface for diatom attachment, compared to AFP free samples
(Bayer-Giraldi et al. 2011). Other isoforms of F. nana Ant AFPs do not carry signal
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peptides, however, it is not sure if the relevant N-terminus of this sequences is complete
due to the isolation of the AFP genes via PCR (Uhlig et al. 2011; Bayer-Giraldi et al.
2011). One isoform, particularly not carrying a signal peptide but an N-terminal sequence
of unknown function, was hypothesised to act intracellular or in association with the cell
membrane (Uhlig et al. 2011).
It is still unknown if AFPs in diatoms only act as recrystallisation inhibitor, which
requires 100 - 500 times less AFP than TH (Ewart et al. 1999). We used a set of data
available from this study and from studies on recombinant AFPs from F. nana Ant
(Bayer-Giraldi et al. 2011; Uhlig et al. 2011) to gain information on the possible function
of intracellular AFPs in diatoms. Considering AFP contents of 0.7 fg (Bayer-Giraldi et al.
2011), 20 fg and 80 fg per cell and protein sizes of 25.9 kDa (Bayer-Giraldi et al. 2011),
41.3 kDa and 52.8 kDa (Uhlig et al. 2011), we calculated concentrations of 0.3 to 68.5
µM AFP inside the cells. Thermal hysteresis activity of three recombinant F. nana Ant
AFP isoforms was reported for concentrations of 1.2 µM or higher (Bayer-Giraldi et al.
2011; Uhlig et al. 2011), whereas RI was detected at concentrations down to 0.012 µM
for fcAFP in saline solution (Bayer-Giraldi et al. 2011). At the concentrations calculated
(0.3 to 68.5 µM), AFPs in F. nana will clearly act as recrystallisation inhibitor. Since
the immunoblot is likely to underestimate cellular total AFP content, we assume that
AFPs might even account for low thermal hysteresis at intracellular concentrations. Both
functions might protect the cells from intracellular ice formation or mechanical damage
through ice crystal growth.
The activity of the AFPs might potentially be higher than estimated in this study due
to the chemical composition of our extraction buffer. Antifreeze activity (RI as well as TH)
was reported to increase with salinity at constant AFP concentration (Bayer-Giraldi et al.
2011; Uhlig et al. 2011). Potential intracellular (Uhlig et al. 2011) as well as extracellular
AFPs (Janech et al. 2006; Raymond et al. 1994) will encounter conditions that are iso-
osmolar to the surrounding brine. Subjected to elevated salinities, diatoms regulate turgor
pressure by accumulation of salts as well as compatible solutes such as glycerol, sorbitol
or proline (Kirst 1990; Bartsch 1989; Krell et al. 2007), substances not used in our buffer
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composition. Low molecular mass solutes were shown to increase activity of a thermal
hysteresis protein from the beetle Dendroides canadensis. Even though the effects were
small in comparison to the other solutes tested, sodium chloride, sorbitol and proline
caused an increase in TH activity (Duman et al. 1993; Li et al. 1998). Activity (ice
pitting) of AFP preparations from sea ice samples that were dominated by diatoms was
also shown to be solute dependent. All solutes tested (NaCl, LiCl, NaPO3, mannitol,
urea) had the same enhancing effect on activity (Raymond 2000). The extraction buffer
with a salinity of 8.72 and no low molecular mass solutes used in our study, will most
likely result in an underestimation of AFP activity.
Our study confirms that the presence of AFPs in diatoms is a bipolar phenomenon
with a broad phylogenetic distribution throughout the entire diatom phylogeny within
species from cold habitats. This fact and the high cellular AFP levels highlight the
importance of AFPs for polar diatoms. The function of diatom AFPs is dependent on the
AFP concentration as well as other ambient conditions and will have to be investigated
in more detail.
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2.5 Supplementary material
Table 2.3: Growth rates (µ) and error (er), as well as R2 of the correlation of experimental
cultures during exponential phase (before the treatment). The growth phases at time of
treatment with elevated salinity and decreased temperature (T0) are given.
5 ◦C, S=34 -4 ◦C, S=70
µ er R2 µ er R2 Growth phase at T0
E.ant 0.33 0.04 0.99 0.36 0.06 0.99 exponential phase
F.nana Ant 0.68 0.09 0.97 0.61 0.08 0.97 1st day stationary phase
Na.sp. I 0.49 0.06 0.98 0.44 0.08 0.97 end of exponential phase
F.nana Arc 0.49 0.04 0.99 0.55 0.04 0.99 1st day stationary phase
Na.sp II 0.44 0.02 0.996 0.41 0.02 0.99 exponential phase
En.sp 0.49 0.02 0.997 0.48 0.01 0.999 exponential phase
Na.sp III 0.44 0.03 0.99 0.43 0.02 0.997 exponential phase
Ni.sp 0.47 0.03 0.99 0.46 0.04 0.98 1st day stationary phase
P.gla 0.29 0.01 0.996 0.29 0.01 0.997 exponential phase
P.ine 0.45 0.06 0.98 0.5 0.02 0.998 lag phase, end of exponential phase
T.nor 0.55 0.05 0.99 0.49 0.05 0.99 end of exponential phase
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Figure 2.15: Taxonomy of diatoms based on 18S rDNA sequencing - Part 1: Overview
of complete tree and close-ups into parts A-C. The species used in the experiments are
marked in red.
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Figure 2.16: Taxonomy of diatoms based on 18S rDNA sequencing - Part 2: Close-ups
into parts D-G. The species used in the experiments are marked in red.
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KFI B2 – Navicula sp. sensu lato I
a b
c d
e f
Figure 2.17: KFI B2 - Navicula sp. sensu lato I: a and b: light microscopy of chains; c,
d, e, f: scanning electron microscopy; c: outer valve view; d: internal valve view; e and f:
internal valve views showing raphe endings.
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KFII A4 – Fragilariopsis nana Arc 
a b 
c d 
e f 
Figure 2.18: KFII A4 - Fragilariopsis nana Arc: a and b: light microscopy of chains; c, d,
e, f: scanning electron microscopy; c: outer valve view of chain; d: complete cell in outer
valve view; e and f: internal and outer valve view of cleaned cells.
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KFIII A2 – Navicula sp. sensu lato II
a b
c d
e f
Figure 2.19: KFIII A2 - Navicula sp. sensu lato II: a and b: light microscopy of single
cells; c, d, e, f: scanning electron microscopy; c: outer valve view; d: internal valve view;
e: internal valve view showing raphe endings; f: outer valve view showing raphe ending.
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KFV B4 – Entomoneis sp. 
a b 
c d 
Figure 2.20: KFV B4 - Entomoneis sp.: a and b: light microscopy of chain and single
cell; c and d: scanning electron microscopy; c: girdle band view of raw preparations; d:
fragment of acid cleaned cell.
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KFV C1 – Navicula sp. sensu lato III
a b
c d
e f
Figure 2.21: KFV C1 - Navicula sp. sensu lato III: a and b: light microscopy of single
cells and pairs; c, d, e, f: scanning electron microscopy; c and d: girdle band view of raw
preparations; e: outer valve view of acid cleaned cell; f: inner valve view of acid cleaned
cell.
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KFV C2 – Nitzschia sp. 
a b
c d
e f
Figure 2.22: KFV C2 - Nitzschia sp.: a: light microscopy of single cells; b, c, d, e, f:
scanning electron microscopy; b: cleaned cell; c: magnification of c; d: external view of
central part of raphe; e: internal valve view; f: internal view on raphe.
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c)
Recombinant AFP Publication Sequence name EST GeneBank
Acc. No.
fcAFP Bayer-Giraldi et al. 2011 Fcyl AFP-11 DR026070
K19 not published Fcyl AFP-9 EL737280
K20 Uhlig et al. 2011 Fcyl AFP-10 EL737258
K21 Uhlig et al. 2011 Fcyl AFP-12 EL737755
Figure 2.23: a) Immunoblot of anti-AFP IgG against three recombinant F. nana AFP
isoforms. Polyclonal rabbit IgG raised against F. nana Ant AFP isoform 11 (fcAFP)
detects the isoforms AFP-11 (Bayer-Giraldi et al. 2011) and K20 (lane 4 - AFP-10), it
weakly detects K19 (lane 3 - AFP-9) and fails to detect K21 (lane 5 - AFP-12). Intensity of
reaction correlates well with phylogeny of AFP genes. For detailed information on AFP
phylogeny, recombinant AFPs and antibody refer to (Bayer-Giraldi et al. 2010; Bayer-
Giraldi et al. 2011; Uhlig et al. 2011). Cell lysates of expression cells were separated on
10% SDS polyacrylamide gel and blotted onto PVDF membranes (BioRad) at 50 V for two
hours. Immunodetection was performed as described in (Bayer-Giraldi et al. 2011). Lane
1 shows the marker, lane 2 the cell lysate of expression cells without expression plasmid
as negative control and lanes 3, 4 and 5 cell lysates of the expression cells with respective
expression plasmids. (b) Recombinant expression of AFPs. Cell extracts (20 µl) were
separated on 12% SDS polyacrylamide gels and stained with Coomassie. Marked bands
were verified by mass-spectrometry to be the desired heterologously expressed AFPs. (c)
List of recombinant F. nana AFPs and GeneBank Accession Numbers of respective EST
sequences.
3 Heterologous expression, refolding and
functional characterisation of two antifreeze
proteins from Fragilariopsis cylindrus
(Bacillariophyceae)
Christiane Uhlig, Johannes Kabisch, Gottfried J. Palm, Klaus Valentin, Thomas Schweder,
Andreas Krell
Abstract
Antifreeze proteins (AFPs) provide protection for organisms subjected to the presence
of ice crystals. The psychrophilic diatom Fragilariopsis cylindrus which is frequently
found in polar sea ice carries a multitude of AFP isoforms. In this study we report the
heterologous expression of two antifreeze protein isoforms from F. cylindrus in Escherichia
coli. Refolding from inclusion bodies produced proteins functionally active with respect
to crystal deformation, recrystallisation inhibition and thermal hysteresis. We observed
a reduction of activity in the presence of the pelB leader peptide in comparison with the
GS-linked SUMO-tag. Activity was positively correlated to protein concentration and
buffer salinity. Thermal hysteresis and crystal deformation habit suggest the affiliation
of the proteins to the hyperactive group of AFPs. One isoform, carrying a signal peptide
for secretion, produced a thermal hysteresis up to 1.53 ◦C ± 0.53 ◦C and ice crystals
of hexagonal bi-pyramidal shape. The second isoform, which has a long preceding N-
terminal sequence of unknown function, produced thermal hysteresis of up to 2.34 ◦C ±
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0.25 ◦C. Ice crystals grew in form of a hexagonal column in presence of this protein. The
different sequences preceding the ice binding domain point to distinct localisations of the
proteins inside or outside the cell. We thus propose that AFPs have different functions
in vivo, also reflected in their specific TH capability.
3.1 Introduction
Ice active proteins have been detected in cold adapted organisms throughout all kingdoms.
First reports of these proteins in fish (DeVries and Wohlschlag 1969) were followed by the
discovery in insects (Patterson and Duman 1979), plants (Griffith et al. 1992), bacteria and
fungi (Duman and Olsen 1993), microalgae (Raymond et al. 1994) and a crustacean (Kiko
2010). Ice active proteins act in different ways: they can for example distort the ice crystal
habit (Raymond and DeVries 1977), cause pitting on ice surfaces (Raymond et al. 1989),
inhibit recrystallisation, i.e. the growth of larger ice crystals at the expense of smaller
ones (Knight et al. 1984), cause thermal hysteresis (TH) (DeVries and Wohlschlag 1969;
Duman and DeVries 1976), i.e. non-colligatively depress the freezing point, or exhibit
several of these functions (Knight et al. 1984). Due to the different character and effect
the nomenclature of these proteins varies. Compliant with Bayer-Giraldi (Bayer-Giraldi
et al. 2010) we will use the term antifreeze proteins (AFPs).
According to their potential to depress the freezing point AFPs are classified as ”mod-
erate” or ”hyperactive” (Scotter et al. 2006). While the moderate fish AFPs depress the
freezing point by 0.7 to 1.5 ◦C (Duman 2001) with about 1 ◦C TH at 10-40 mg mL−1
(Graham et al. 2008), the hyperactive group of mainly insect AFPs is often reported with
thermal hysteresis values of 3 to 6 ◦C (Duman 2001). Additionally, different patterns of
crystal deformation in the thermal hysteresis gap and of the bursts at temperatures be-
low the thermal hysteresis gap are observed for moderate and hyperactive AFPs (Scotter
et al. 2006). The adsorption inhibition model, which proposes binding of the AFPs to the
ice surface (Raymond and DeVries 1977), is accepted for both, moderate and hyperactive
AFPs (Graham et al. 1997; Scotter et al. 2006). The difference of activity with respect to
thermal hysteresis is so far hypothesised to be caused by binding of the AFPs to different
crystal faces (Raymond et al. 1989; Graether et al. 2000; Scotter et al. 2006).
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Organisms inhabiting the system of brine channels and pores in sea ice have developed
a suite of physiological and biochemical adaptations to cope with this harsh environment
(Mock and Thomas 2005). For example diatoms and bacteria produce exopolymeric
substances to protect themselves against dehydration stress and the presence of ice crystals
(Krembs et al. 2002), two typical traits in sea ice. Sea ice diatoms were additionally
reported to excrete proteins, which can influence the crystal growth habit of ice (Raymond
et al. 1994; Raymond and Knight 2003). In psychrophilic diatoms AFPs were reported
to be acting as recrystallisation inhibitors since they did not cause significant thermal
hysteresis (Raymond and Knight 2003). Only recently TH of 0.8 ◦C at 1 mg mL−1
protein concentration was reported for an AFP from Chaetoceros neogracile (Gwak et al.
2010).
For F. cylindrus several AFP genes have been isolated under salinity stress (Janech
et al. 2006; Krell et al. 2008). Additionally, the presence of an AFP multigene family and
distinct regulation patterns point towards the importance of these genes for the adaptation
of F. cylindrus to subzero temperatures and high salinities (Bayer-Giraldi et al. 2010).
The presence of a large AFP multigene family in F. cylindrus hampers the isolation of
single protein isoforms from the diatom by biochemical separation techniques (Raymond
et al. 1989; Graham et al. 1997; Marshall et al. 2004) or ice affinity based methods (Kuiper
et al. 2003; Raymond 2000) from the diatom itself, e.g. for functional studies.
Detailed analyses on the function and structure of single isoform AFPs, are available
for a multitude of fish and insect AFPs comprising moderate and hyperactive ones. Pro-
tein structures of different fish AFPs and insect AFPs were resolved by X-ray or nuclear
magnetic resonance (NMR) studies (Nishimiya et al. 2008; Liu et al. 2007) and reviewed
in (Ewart et al. 1999; Jia and Davies 2002; Doucet et al. 2009). Additionally the pro-
tein ice binding sites and in some cases the preferred binding faces at the ice crystals
were determined (Nishimiya et al. 2008; Liu et al. 2007) and reviews by (Ewart et al.
1999; Jia and Davies 2002; Doucet et al. 2009). However, for the phylogenetically diverse
group of AFPs, which contains the F. cylindrus sequences, only limited information on
the function is available. Characterisations of AFPs from the bacterium Colwellia SLW5
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(Raymond et al. 2007), the fungi Typhula ishikariensis (Hoshino et al. 2003; Xiao et al.
2010), Flamminula populicola and Lentinula eodes (Raymond and Janech 2009), the di-
atoms C. neogracile AFP (Gwak et al. 2010) and Navicula glacei (Janech et al. 2006)
as well as from the crustacean Stephos longipes (Kiko 2010) include TH activity, crystal
morphology, recrystallisation inhibition (RI) and biochemistry. Information on the ice
binding sites and total protein structure of this group of AFPs is lacking.
By screening a set of expression vectors with different promoter/ribosomal binding
site (RBS) combinations as well as expression tags and leader peptides (Kraft et al.
2007; Siurkus et al. 2010) we were able to overexpress two F. cylindrus AFP isoforms
in E. coli. Refolding from inclusion bodies resulted in functional active single isoform
AFPs. The recombinant AFPs (recAFPs) were used for functional studies and provide
the basis for future analyses of the protein structure. The activity was found to be
correlated with the buffer salinity and protein concentration. We report for the first time
a hyperactive antifreeze protein from a psychrophilic microalga exhibiting a potential to
lower the freezing point that might be ecologically significant. The amino acid sequence of
this hyperactive protein belongs to a clearly separate group inside the Fragilariopsis clade
that has a C-terminal antifreeze domain following long N-terminal preceding sequences
with unknown function.
3.2 Material and methods
3.2.1 Vector construction
F. cylindrus AFP sequences Fcyl0046a10 and Fcyl0052c02 (GenBank: EL737258, EL737755)
retrieved from a salt stress clone library (Krell et al. 2008) were chosen for heterologous
expression in E. coli (Table 3.1).
The sequences were amplified from the respective F. cylindrus cDNA library clones
with Phusion polymerase (Finnzymes) in one or two subsequent PCR reactions. Reaction
conditions were as follows: One initial denaturation step at 98 ◦C for 5 min, followed by 30
cycles each comprising denaturation at 98 ◦C for 30 sec, varying annealing temperatures
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Table 3.1: Names of the recombinant AFPs and the corresponding AFP isoforms as well
as the EST (expressed sequence tag) names and accession numbers.
Recombinant AFP Corresponding AFP EST name EST GeneBank
(recAFP) isoform Acc. No.
K37 Fcyl AFP-10 Fcyl0046a10 EL737258
K20 Fcyl AFP-10 Fcyl0046a10 EL737258
K21 Fcyl AFP-12 Fcyl0052c02 EL737755
in the range of 58 to 61 ◦C for 30 sec, elongation at 72 ◦C for 30 sec; and a final elongation
step at 72 ◦C for 5 min. The primers (Supplementary Table 3.3) introduced attB sites
(dotted) for Gateway recombination, a TEV (tobacco etch virus) cleavage site (bold) and
in some cases a His-Tag (underlined) into the amplicon. The primer sequences, combi-
nations, annealing temperatures and tags introduced into the PCR products are given
in Supplementary Tables 3.3 3.4. The products were cleaned up using the minElute Gel
Extraction Kit (Qiagen), and introduced into the Gateway pDONR201® vector (Invitro-
gen) via the BP reaction. The resulting Gateway® entry plasmids were recombined with
selected destination vectors (Tab. 3.2) (Kraft et al. 2007; Siurkus et al. 2010) in the LR
reaction to generate the expression vector.
The reaction mixes were transformed into electrocompetent E. coli DH10B cells (Invitro-
gen) for amplification of the plasmid. Successful recombination was proven via restriction
analysis and sequencing. Resulting expression vectors were transformed into ArcticTMRIL
cells (Stratagene) for expression.
3.2.2 Selection of expression constructs and heterologous ex-
pression
To select for constructs with strong AFP expression clones were grown overnight at 37
◦C under vigorous agitation in 5 mL Plasmid Growth (PG) medium (Genetix) containing
30 µg mL−1 Chloramphenicol (Applichem), 30 µg mL−1 Gentamycin (Carl Roth) and
75 µg mL−1 Streptomycin (Applichem). The following day 30-50 mL PG without an-
tibiotics were inoculated to an optical density at 600 nm (OD600) of 0.1-0.2 and grown
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Table 3.2: Destination vectors and their properties chosen from Siurkus et al. (2010) and
Kraft et al. (2007) for construction of expression vectors.
Name Promotor RBSa Tag/leader peptide Vector set
pCUlac SUMO plac CU SD lac His + SUMOb, N-term CEOe
pCTUT7 SUMO plac CTU SD T7 His + SUMOb, N-term CEOe
pCUlac oA plac CU SD lac ompAc PEOf
pCTUT7 oA plac CTU SD T7 ompAc PEOf
pCUlac pB plac CU SD lac pelBd PEOf
pCTUT7 pB plac CTU SD T7 pelBd PEOf
a RBS: ribosomal binding site
b SUMO: small ubiquitin-related modifier, SUMO vectors were selected following
Bayer-Giraldi et al. (2011)
c ompA: leader peptide of the porin A of Escherichia coli
d pelB: leader peptide of pectatlyase B of Erwinia carotovora
e CEO: cytoplamatic protein expression and optimisation
f PEO: periplasmatic protein expression and optimisation
till OD600 reached 0.5-1.0. Expression was induced by addition of a final concentra-
tion of 1.0 mM IPTG (isopropyl β-D-1-thiogalactopyranoside, Omnilab) and monitored
over 24 h by analysing subsamples of 20 µL of expression media with cells via SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). Bands of the desired
size were excised and verified via mass-spectrometry. For selected constructs expression
conditions were further optimised with respect to incubation temperature, IPTG con-
centration and expression time after induction. The constructs pCTUT7 pB K15 (K37),
pCTUT7 SUMO K20 (K20) and pCTUT7 K21 (K21) were chosen for up-scaling (Supple-
mentary Fig. 3.6). Cultures of these constructs were then grown in 400 mL PG without
selection antibiotics at 37 ◦C. When OD600 reached about 0.6 (for construct K37) or 0.8
(for K20, K21) expression was induced by addition of IPTG to a final concentration of
1.0 mM, respectively 1.5 mM. After 17 h cells were harvested by centrifugation at 3200g
and 4 ◦C for 30 min.
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3.2.3 Inclusion body purification
Inclusion bodies were isolated and solubilised according to Rudolph et al. (Rudolph et al.
1997). Briefly, cells were resuspended in 0.1 M Tris-HCl, pH 7, 1 mM EDTA, incubated
with lysozyme and disrupted by 5 cycles of 5 min sonication at settings cycle 4x10%
and power 50% with a Sonopuls HD 2070 sonicator (Bandelin). The cell debris was
treated with DNase (Omnichem) and incubated with EDTA, Triton X-100 and NaCl. The
inclusion bodies were spun down at 17,000 rpm and 4 ◦C in a Beckman Ultracentrifuge
Rotor Type 70Ti for 10 min and washed 6 times with each 20 mL of 0.1 M Tris-HCl, pH
7, 20 mM EDTA.
Inclusion bodies were then solubilised to a final concentration of 10 mg pellet per mL
6 M GdmCl, 0.1 M Tris-HCl pH 8, 100 mM Dithiotreithol, 1 mM EDTA. The pH was
lowered to 3-4 by addition of HCl and insoluble cell debris removed by centrifugation at
10,000g, 4 ◦C for 10 min. Soluble proteins were concentrated over 15 mL 10 kD Amicon
filtration devices (Millipore) according to the manufactures recommendations at 4 ◦C and
3220g for 20 to 45 min. For K21 dithiothreitol (DTT) was removed by dialysis against 4
M GdmCl, 10 mM HCl twice at 25 ◦C for 2 h and again overnight at 0 ◦C. Precipitate
was spun down at 10,000g for 10 min at 4 ◦C.
3.2.4 Refolding and purification of recombinant AFPs
In order to refold the proteins, the protein solutions were quickly diluted into 50 mM Tris,
0.5 mM EDTA, 1 M Arginine, pH 8.0 (K20, K37) or 50 mM Tris, 0.5 mM EDTA, 1 M
Arginine, 3 mM GSH (Glutathione), 1 mM GSSG (Glutathione disulfide), pH 9.0 (K21)
to a final concentration of 0.05 mg mL−1 and incubated for 24 h at 4 ◦C. Proteins were
concentrated in Amicon filtration devices as described for the solubilised proteins. The
buffer was exchanged by dialysis against 50 mM Tris, pH8, 150 mM NaCl at 0 ◦C, twice
for two hours and a third time overnight. Precipitations were removed by centrifugation
at 31,000 rpm in a Beckmann Ultracentrifuge Rotor Type 70Ti for 30 min at 4 ◦C.
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To reduce ionic strength the protein solutions were diluted 1:2 with deionised water
and the recombinant AFPs purified by anion-exchange chromatography on Poros HQ 20
media (Applied Biosystems, column dimensions 4.6 x 50 mm). Proteins were eluted with
a 20 mL gradient of 10 mM to 1 M NaCl in 50 mM Tris pH8.0, 1 mM EDTA and 0.02%
NaN3.
3.2.5 Determination of protein concentration and gel electrophore-
sis
Protein concentrations were determined with a modified Bradford assay described by
Zor and Selinger (Zor and Selinger 1996), measuring at wavelengths of 450 and 600 nm
(instead of 590 nm) in a Synergy HT plate reader photometer (BioTek). Standard curves
were prepared with BSA (bovine serum albumin, Merck). Dilutions were made in the
buffers of the respective purification step. Routine monitoring of the protein expression
and purification procedure was done by 12% SDS-PAGE (Laemmli 1970) and Coomassie
staining.
3.2.6 Antifreeze assays
Antifreeze activity was analysed using a nanolitre osmometer (Clifton Technical Physics)
set up with a Leica M125 stereomicroscope, a Leica DFC295 camera and the Leica Ap-
plication Suite V3.5.0 software. To obtain detailed information on the function of the
proteins and a high sensitivity in the measurements each sample was analysed in respect
to thermal hysteresis (TH), recrystallisation inhibition (RI) and crystal morphology.
Samples were each loaded in two opposite positions of the sample holder and quickly
frozen to -40 ◦C. For the recrystallisation assay the samples were incubated at a temper-
ature of -4 ◦C for 20 min, if not stated differently. In the Clifton nanolitre osmometer
a sample appears turbid and dark immediately after freezing due to the formation of a
multitude of small crystals. When the crystals grow bigger due to recrystallisation the
scatter inside the sample decreases and the sample appears brighter. In the presence of
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a recrystallisation inhibitor the turbidity does not or barely decrease. The turbidity at
the end of the incubation period in comparison to the beginning was visually observed
and taken as a measure for recrystallisation (similar to Kiko 2010). Thermal hysteresis
was calculated as the difference of the melting point and hysteresis freezing point, which
were determined as described previously (Kiko 2010). Accordingly, the melting point
was defined as the temperature when the last small crystal melts, the hysteresis freezing
point as the temperature when visible growth of a small remaining (2-5 µm) crystal oc-
curs when slowly lowering the temperature. Melting and hysteresis freezing temperatures
were calculated from the calibration curve prepared with ultrapure water and a standard
of 3000 mOsm (95.9 g NaCl kg−1 ultrapure water). Additionally the morphology of the
growing ice crystals was recorded. All samples were put on ice and assayed directly after
the incubation procedures described below.
3.2.7 Functional characterisation
The effect of temperature, protease and dithiothreitol on antifreeze activity was assayed
in recAFP solutions of 200 µg mL−1 (K20: 4.8 µM; K37: 6.5 µM; K21: 3.8 µM) in
50 mM Tris, 150 mM NaCl, pH 8.0 at 0 ◦C (salinity 11). Temperature stability was
assessed by incubation at temperatures ranging from 0 ◦C to 50 ◦C for 30 min, and
incubation at 20 ◦C from 30 to 180 min. Protease (Pronase E, Sigma) was added to a
final concentration of 1 mg mL−1 and samples were incubated for 30 to 180 min at 20 ◦C.
Negative controls were run with 1 mg mL−1 BSA instead of Pronase E. Possible formation
of intra- or intermolecular disulfide bridges was assayed for K21, the only protein in this
study containing cystein residues. The effect of reducing agents was determined by adding
a final concentration of 5 mM DTT and incubation at 20 ◦C for 60 and 180 min.
The function of the recAFPs was also assayed in a range of salinities of approx. 4 to
93 (salinity describes the concentration of dissolved ions in seawater and approximately
corresponds to g L−1 NaCl in water). For this purpose 2 µL of 1 mg mL−1 recAFP
solutions were diluted into 8 µL of buffers of different salinities and incubated for 10 min
on ice before measurements. The buffers were 50 mM Tris, pH 8.0 at 0 ◦C and contained
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different amounts of NaCl to adjust salinities. Buffers and buffers with 200 µg mL−1 BSA
(3.0 µM) were run as negative controls to estimate colligative effects of the different salt
concentrations in the buffers. For salinities above 58 the incubation temperature for the
RI assay was set to an appropriate temperature ranging down to -7.38 ◦C.
Additionally, recAFPs were diluted to concentrations ranging from 1.8 to 32.4 µM
AFP in the above described buffers with resulting salinities of approx. 11 and 72 ± 2
incubated for 10 min on ice and assayed.
3.2.8 Phylogeny
A phylogenetic analysis of AFP sequences was performed as described in Bayer-Giraldi
et al. (2010). Analysis comprised amino acid sequences of the AFP domains used in the
prior analysis (Bayer-Giraldi et al. 2010) and additionally the AFP domain of F. cylindrus
AFP sequence Fcyl0052c02 retrieved from a salt stress clone library (Krell et al. 2008).
Furthermore F. cylindrus AFP sequences were analysed with respect to signal peptides
using SignalP (Nielsen et al. 1997).
3.3 Results
3.3.1 Expression and cleanup
SDS-PAGE screening (Fig. 3.1 a) revealed strongest expression of recombinant F. cylindrus
AFPs in pCTUT7 vectors (strong promoter/RBS combination, Table 3.2) in combination
with the leader peptide pelB or a SUMO tag. The promoter/RBS combination pCUlac or
the ompA leader peptide did not yield substantial expression of the proteins (Fig. 3.1 a).
Although a multitude of different expression vectors was screened, recAFPs were found for
all constructs with a notable expression in the insoluble fraction after cell lysis (compare
lanes of lysates (3), cleared lysates (4) and IB pellets (5) in Fig. 3.1 b, c, d).
For further cleanup and refolding three proteins were selected (Table 3.1). Expres-
sion of gene Fcyl0046a10 (Fcyl AFP-10) in vector pCTUT7 SUMO (K20) and in vec-
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tor pCTUT7 pelB (K37) resulted in products with predicted molecular weights of ap-
prox. 41.3 kDa (K20) and of approx. 30.9 kDa (K37), respectively. Expression of gene
Fcyl0052c02 (Fcyl AFP-12) in vector pCTUT7 SUMO (K21) yielded a protein with a
predicted molecular weight of approx. 52.8 kDa (K21). In the SDS/PAGE all proteins
appeared at slightly higher sizes than predicted. Functionally active recAFPs (K20, K37
and K21) were obtained by solubilisation and refolding of the recAFPs from inclusion
bodies (lanes 6; Fig. 3.1 b, c, d). All three proteins demonstrated recrystallisation inhi-
bition and deformation of ice crystals. Thermal hysteresis was not assayed at this stage.
Purity of the proteins was increased by anion-exchange chromatography (lanes 7; Fig. 3.1
b, c, d). AFPs K20, K37 and K21 eluted in the fractions of 160-190 mM NaCl, 100-180
mM NaCl and 130-190 mM NaCl, respectively.
3.3.2 Functional characterisation
Temperature, protease and DTT stability
Stability of the recAFPs (K20, K37, K21) was assessed with respect to temperature,
protease, as well as to reduction with dithiothreitol (DTT). All proteins (K20, K37, K21)
lost thermal hysteresis (TH) activity and recrystallisation inhibition (RI) activity after
incubation at 30 ◦C for 30 min, whereas crystal shapes were still deformed to stars (K20,
K37) or hexagons (K21) (3.2 q). After incubation at 40 ◦C for 30 min a slight deformation
of the crystals to weak hexagons remained which was absent after incubation at 50 ◦C for
30 min.
During incubation at 20 ◦C for up to 180 min thermal hysteresis activity decreased
slightly for all three proteins with rates of 0.023 ◦C h−1 ± 0.022 ◦C (K20), 0.015 ◦C h−1 ±
0.012 ◦C (K21) and 0.024 ◦C h−1 ± 0.015 ◦C (K37). Recrystallisation inhibition activity
and deformation of ice crystals remained unchanged during the whole incubation period.
We observed aggregation during thawing and short periods at room temperature during
the cleanup procedure (K20: 14.5 µM, K21: 19.0 µM).
In respect to Pronase E treatment at 20 ◦C K21 was most sensitive and lost thermal
hysteresis activity after 30 min incubation (Fig. 3.2 g). Activity was completely abolished
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Figure 3.1: Recombinant AFP expression and purification. Expression strength in dif-
ferent expression vectors 18 h to 20 h after induction. (a): 1: Marker, 2: Arctic
RIL cells without expression plasmid, 3: pCUlac SUMO K20, 4: pCTUT7 SUMO K20
(K20), 5: pCTUT7 oA K15, 6: pCTUT7 pB K15 (K37), 7: pCUlac SUMO K21, 8:
pCTUT7 SUMO K21 (K21), 20 µL of culture were mixed with 4 µL loading buffer and
boiled for 10min. Arrowheads indicate recombinant AFPs (K20, K37, K21). Expression
and cleanup of recAFP constructs K20 (b), K37 (c) and K21 (d): 1: Marker, 2a: Arctic
RIL cells, lysate, 2b: Arctic RIL cells, cleared lysate, 3: Lysate, 4: cleared lysate, 5:
inclusion body pellet, 6: AFP after refolding, 7: AFP after cleanup.
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Figure 3.2: Crystal morphology in the presence of recombinant AFP at respective buffer
salinity (S) and treatment. K21 (a-g) a, b, c: S=11; d: S=11, 20 ◦C, 30 min; e: S=30;
f: S=70; g: 20 ◦C, 60 min, Pronase E; K20 (h-k) h: S=11; i, j: S=70; k: S=93; negative
control BSA (l) S=11; K37 (m-s) m: S=11; n: S=70, 200 µg mL−1; o: S=80, 200 µg
mL−1; p: S=70, 200 µg mL−1; q: S=11, 30 ◦C, 30 min; r, s: 180 min, Pronase E. The
recAFP concentration was 200 µg mL−1. The c-axis orientation is perpendicular to the
paper plane except for a, c, d and p, where arrows indicate the direction of the c-axis.
after 120 min showing round crystals in the crystal deformation assay. For K20 and K37
TH and RI activity only disappeared after incubation for 120 min, yet both proteins
caused deformation of crystals after incubation for 180 min (Fig. 3.2 r, s).
Incubation of K21 with 5 mM DTT at 20 ◦C for 60 and 180 min did not result in any
loss of activity compared to the samples incubated at 20 ◦C without DTT addition. This
indicates that the two cystein residues are not forming a disulfide bridge essential for the
antifreeze activity measured in the described assays.
Buffer salinity
Total buffer salinity influenced the performance of the recAFPs (Fig. 3.3). At protein
concentrations of 200 µg mL−1 K20 and K37 (4.8 and 6.5 µM respectively) showed TH
of approx. 0.1 ◦C ± 0.02 ◦C at a salinity of 11 whereas TH values are about two to three
times higher with maximum values of 0.47 ◦C ± 0.15 ◦C at higher salinities (46 to 93).
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Figure 3.4: Thermal hysteresis (◦C) vs. recombinant AFP concentration (μM) in buﬀers
of salinity 11 (open circles) and 72±2 (ﬁlled circles) (a) K21, (b) K20, (c) K37 .
Concentration of recAFP
Antifreeze activity was assayed for recAFP concentrations up to 32.4 μM in buﬀer salini-
ties of 11 and 72 ± 2 (Fig. 3.4). For all three proteins TH was detectable from the lowest
concentration assayed with values of 0.09 ◦C ± 0.01 ◦C for K21, 0.06 ◦C ± 0.01 ◦C for
K20 and K37 (1.9, 2.4 and 3.2 μM respectively). TH increased for all three proteins con-
comitant with higher recAFP concentration and higher buﬀer salinity. Maximum values
were 2.34 ◦C ± 0.25 ◦C for K21 at 19.0 μM, 1.53 ◦C ± 0.53 ◦C for K20 at 24.2 μM and
0.60 ◦C ± 0.24 ◦C for K37 at 16.2 μM.
Comparing the activity in the two buﬀers, K20 caused 1.5 to 2.5 times higher TH in
the buﬀer with salinity 72 ± 2 than in the buﬀer with salinity 11. For K37 the factors
range from 2.6 to 3.8. For K21 the eﬀect of salt concentration on the TH was dependent
upon protein concentration. In the lower concentrations (up to 9.5 μM) the factors ranged
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from 4.4 to 5.1 and in the higher concentrations it was 1.2.
Best fits were obtained by fitting the square root of the protein concentration in
µM against TH (data not shown) as described in Kristiansen and Zachariassen (2005).
Nevertheless the power of the model is limited since for K21 salinity of 11 and K20 salinity
of 11 and 72 a sigmoidal correlation between TH and protein concentration was observed.
Crystal morphology in recAFP solution
The shape of ice crystals growing in recAFP solution was strongly dependent on protein
concentration and salinity. In the respective assays protein integrity also influenced the
resulting shapes. In solutions with bovine serum albumin (BSA), as negative control,
crystals appear as circular disks in this assay (Fig. 3.2 l).
In the presence of K20 or K37 (4.8 µM and 6.5 µM) at low salinities (e.g. 11) crystals
grew in the direction of the c-axis to form a bi-pyramid with hexagonal cross-section. The
bi-pyramids often did not grow to a complete pyramid, but the tip was usually missing,
exhibiting a hexagonal surface (Fig. 3.2 h, m, s). At higher salinities (70 to 93) crystals
in the presence of K20 were star-shaped with some depth in c-axis direction (Fig. 3.2 i,
n), or snowflake-like (Fig. 3.2 j, k). In the presence of K37 crystals grew dendritic, which
was mostly combined with an explosive growth below the hysteresis freezing point (Fig.
3.2 o, p). Dendritic growth developing very fine dendrites was observed for K20 and K37
at high protein concentrations. With higher concentration the explosive growth effect
got more pronounced, hindering photographic documentation. When protein integrity is
diminished by protease treatment or incubation at 30 ◦C the star and hexagonal shapes
become smoother and more 2-dimensional (Fig. 3.2 q, r, s).
In the presence of K21 (3.8 µM) and a salinity of 11 crystals grew to hexagonal columns
with predominant growth in the direction of the c-axis (Fig. 3.2 a, c). The basal plane
formed a clear hexagonal-shape. Since the diameter of the column did not diminish during
growth the hexagonal flat surface remained at the end of the column (Fig. 3.2 b). After
incubation for 30 min at 20 ◦C the development of a cylinder with a pyramid at each end
was occasionally observed (Fig. 3.2 d). At a salinity of 30 the crystal shapes resembled
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leaves (Fig. 3.2 e) and developed to an explosive dendritic growth at higher salinities
(Fig. 3.2 f). For higher protein concentrations of K21 similar effects as described for K20
and K37 were observed.
3.3.3 Phylogeny
The overall topology of the calculated phylogenetic tree is identical to that described by
Bayer-Giraldi et al. (2010) showing three groups (data not shown). Inside the Fragilariopsis
sequences (Supplementary Fig. 3.7) it is possible to distinguish three clades. Clades A
and B contain several F. cylindrus and F. curta sequences. The AFP domain of sequence
Fcyl AFP-12 (Fcyl0052c02) clearly groups separately in the Fragilariopsis AFP phylogeny
(clade C). This clade is supported by five other sequences from the F. cylindrus genome
(pers. comm. Thomas Mock, University of East Anglia, UK). The full AFP sequence
available on the EST (expressed sequence tag) clone Fcyl0052c02 contains a 131 amino
acid sequence of unknown function preceding the AFP domain.
Half of the other F. cylindrus AFP sequences were predicted to carry signal peptides.
Since Fcur AFP and Fcyl AFP sequences were isolated by PCR or from ESTs Bayer-
Giraldi et al. (2010), sequences might be truncated at the N-terminus and signal peptide
sequences might be cut off.
3.4 Discussion
3.4.1 Quality and characteristics of recAFPs
The multitude of different but very similar AFP isoforms in F. cylindrus hinders the isola-
tion of a single natural AFP isoform from this diatom. Employing heterologous expression
in E. coli we were able to produce active single isoform recombinant AFPs for functional
studies. We were able to identify recAFPs in the inclusion body fraction, as earlier re-
ported for heterologous expression of spruce budworm AFP (Gauthier et al. 1998) and fish
type III AFP (Chao et al. 1993), yet expression did not result in a soluble AFP fraction.
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Refolding of the denatured proteins from inclusion bodies produced active recAFP that
displayed functions assigned to AFPs like crystal deformation, recrystallisation inhibition
and thermal hysteresis.
Unlike the AFP EST and genome sequences the recAFPs in this study carry a His-tag
and a SUMO-tag (K20, K21) or a leader peptide (K37) at the truncated N-terminus.
These peptides might alter the AFP activity compared to a native protein. Tags can
enhance AFP activity due to increased size of the AFP leading to a larger ice surface
covered by the AFP and a bulkier residue to be overgrown by addition of new water
molecules to the ice surface. The TH activity of a 7 kDa fish type III AFP was increased
by two to three times due to addition of a 12 kDa thioredoxin residue or a 42 kDa
maltose-binding-protein, resulting in a protein size approximately three and seven times
larger than the native protein (DeLuca et al. 1998). For isoform Fcyl AFP-10 we observed
higher activity for the large SUMO-tag construct (K20) than for the construct with the
smaller pelB leader peptide (K37) (Fig. 3.4). Whereas in the low concentration range
the activity of both proteins Fcyl APF-10 plus SUMO-tag (K20) and plus pelB (K37)
is similar, in the high concentration range they show considerable differences (Fig. 3.4).
Nevertheless we assume that the enhancing effect of the SUMO-tag and leader peptide
is rather small since the increase in size of the fusion-proteins is only 1.2 (K37) and 1.6
times (K20) for isoform Fcyl AFP-10 and 1.4 for isoform Fcyl AFP-12 (K21).
On the other hand the tag and leader peptide might change the tertiary structure
or sterically hinder the interaction of the AFP with the ice surface and thus reduce
AFP activity. The SUMO-fusion proteins (K20 and K21) carry a GS-sequence which
provides a flexible linker avoiding sterical interference of the SUMO-tag with the rest of
the recAFP (Argos 1990). The leader peptide does not carry a GS-linker but was supposed
to be cleaved off at the signal peptidase I cleavage site (Dalbey et al. 1997). Due to the
formation of inclusion bodies the protein was not transported to the periplasm, hindering
the cleavage of the leader peptide. Sterical interference of the leader peptide might hinder
the interaction of the AFP with the ice surface, leading to a negative effect on TH.
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Figure 3.5: Schematic drawings of crystal shapes grown in the presence of recAFP: a)
hexagonal bi-pyramid without tips for proteins K20 and K37, b) hexagonal column for
protein K21, c) designation of crystal axes.
Thermal hysteresis of recAFPs presented here might thus differ from the potential of
the native F. cylindrus AFPs. Crystal deformation was not influenced by the type of tag
or leader peptide (DeLuca et al. 1998), since K20 and K37 show the same deformation
patterns, e.g. hexagonal bi-pyramid (Fig. 3.4 m, n ,3.5 a).
3.4.2 TH potential
Maximal thermal hysteresis values for the F. cylindrus recAFPs K20 (1.53 ◦C ± 0.53 ◦C
at 24.2 µM (1 mg mL−1)) and K37 (0.60 ◦C ± 0.24 ◦C at 16.2 µM (0.5 mg mL−1)) are in
the same range as reported for mature C. neogracile AFP (0.80 ± 0.03 ◦C, 38.2 µM (1 mg
mL−1)) (Gwak et al. 2010). The activity was found to be approximately ten fold higher
than that of fish AFPs where values of 0.7 to 1.5 ◦C (Duman 2001) are common with
about 1 ◦C TH at 10-40 mg mL−1 (Graham et al. 2008). Maximal TH values measured
for K21 (2.34 ◦C ± 0.25 ◦C at 19.0 µM (1.0 mg mL−1)) are the highest reported for
diatom AFPs to date. The group of hyperactive AFPs defined by Scotter et al. (2006),
comprising several bacterial, insect and fish AFPs, is one to two orders of magnitude
more active than moderately active fish AFPs. Albeit the F. cylindrus recAFPs did not
reach TH values of up to 5.5 ◦C reported for hyperactive insect AFPs (Scotter et al.
2006) they fall well within the hyperactive group at concentrations assayed in this study.
Higher concentrations of recAFPs were not tested due to limits in the expressed protein
concentration process.
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Thermal hysteresis is known to increase complementarily with AFP concentration
in solution. However, the correlation varies according to different models proposed for
antifreeze proteins and antifreeze glycoproteins (Raymond and DeVries 1977; Feeney et al.
1986; Kristiansen and Zachariassen 2005). In our study the recAFPs’ TH is linear with
the square root of the protein concentration for K37 at both salinities and K21 at salinity
of 72 (data not shown), which suggests a similar kinetic as described in Kristiansen and
Zachariassen (2005). In contrast K20 at both salinities and K21 at a salinity of 11 follow
a sigmoidal correlation (Fig. 3.4) already reported for a Ca2+-dependent bacterial AFP
(Gilbert et al. 2005) and smaller antifreeze glycoproteins (Feeney et al. 1986), indicating
cooperative interaction (Feeney et al. 1986). At constant concentration of recAFP the
addition of NaCl enhances the TH activity of the recAFPs like reported for one other F.
cylindrus AFP (Bayer-Giraldi et al. 2011) as well as for Berkeleya sp. and Amphiprora
sp. AFP preparations (Raymond 2000). The correlation is linear and most pronounced
for K21 (Fig. 3.3). In the natural environment of sea ice diatoms it is highly efficient to
couple the antifreeze function to salinity since lower temperatures in the brine pockets
are accompanied by higher salinities (Cox and Weeks 1983). Thus additionally to the
up-regulation of AFP gene expression (Bayer-Giraldi et al. 2010), the proteins themselves
exhibit a higher activity, when temperatures drop and salinity inevitably increases.
Since AFP function and activity is dependent on AFP concentration, it is important
to estimate their concentration in the natural system to infer which function the diatom
AFPs fulfil in vivo. Raymond et al. (1994) suggest a concentration of 50 µg mL−1 AFP
in seawater for full recrystallisation inhibition activity. Extrapolating from TH values
obtained for K21 at a salinity of 93, K21 could cause TH up to 0.25 ◦C at a concentration
of 50 µg mL−1 (0.9 µM K21), adding to the colligative freezing point depression caused
by elevated salinity. The additional small TH, in combination with other exudates, e.g.
exopolymeric substances, might ensure a liquid layer around the diatom cell (Krembs
et al. 2002), avoiding freezing damage. K20 and K37 would probably not account for any
TH at a concentration of 50 µg mL−1.
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If natural concentrations of the diatom AFPs fall short of the minimal AFP concen-
tration required for thermal hysteresis, diatom AFPs will probably act as recrystallisation
inhibitors. This function requires 100-500 times less AFP than thermal hysteresis (Ewart
et al. 1999). RI was proposed to be an important function of diatom AFPs since AFP
preparations from natural sea ice samples containing high amounts of diatoms (Raymond
and Knight 2003) showed low TH. The recAFPs studied here have the ability to inhibit
recrystallisation. Mechanical damage of cells by large ice crystals can thus be avoided
(Thomashow 1998).
We observed that TH values and crystal deformation results were dependent on the size
of the initial crystal and additionally on the position in the sample holder. For the beetle
Ragium inquisitor it was stated that measured TH values were inversely proportional to
the ice crystal size in the TH assay (Zachariassen and Husby 1982). In our study this
effect caused considerable scatter in the data. Nevertheless, single values of extraordinary
high TH are important since they reflect the potential of the proteins to inhibit crystal
growth if the starting crystal is small. If the diatom AFPs also act inside the cell and
there are no nucleation seeds present, they might be able to protect the cell from internal
freezing by supercooling. Supercooling can be substantially higher than the TH activity
measurable with the nanolitre osmometer (Zachariassen and Husby 1982).
3.4.3 New crystal deformation shape
At low concentrations of K21 and low salinities ice crystals grow in form of a hexagonal
column (Fig. 3.5 b). This shape (designated also as columnar spicule) has so far only
been reported for a TH-inactive mutation of a herring type II antifreeze (Liu et al. 2007,
figure 7, panel 4). In contrast K21 shows high potential of freezing point depression. It is
likely that K21 binds to different faces on the ice crystal than K20 and K37. The latter
cause hexagonal bi-pyramidal shapes frequently reported for moderate AFPs indicating
AFP binding to the nonbasal or pyramidal planes (Raymond and DeVries 1977; Davies
and Hew 1990; Knight et al. 1991; Wen and Laursen 1992). In any case, the missing tips
of the bi-pyramids grown in the presence of K37 and K20 suggest binding also to the
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basal planes (Fig. 3.5 a). Binding to the basal plane is evident for K21, which produces
prominent hexagonal surfaces at the end of the hexagonal columns (Fig. 3.5 b). The
observation of pyramids at the ends of a hexagonal column after incubation at 20 ◦C for
30 min (Fig. 3.2 d) indicates that the affinity to the basal planes is diminished when the
protein is subjected to conditions that lead to protein degradation. K21 probably binds
to the basal plane and to the primary prism faces as previously described for the spruce
budworm AFP (Graether et al. 2000). In contrast to the spruce budworm AFP, for all
recombinant F. cylindrus AFPs the main growth direction at low concentration is along
the c-axis (Fig. 3.5).
Even though we were not able to clearly determine the crystal axes in small crystals,
we conclude that bursts occurred parallel to the a-axes. Burst patterns of crystals in
recombinant Fcyl AFP solutions showed radial symmetry and resembled those described
for hyperactive AFPs (Scotter et al. 2006). Occasionally, growth of two parallel layers
was observed (Fig. 3.2 q). Spicular bursts, which are typical for moderate AFPs (Scotter
et al. 2006), did not occur. Concluding, the binding patterns as well as TH potential
observed for the recAFPs in this study suggests classification into the hyperactive group
proposed by Scotter et al. (2006).
3.4.4 Phylogeny and function of F. cylindrus AFP sequences
Showing high thermal hysteresis potential and distinct crystal morphology K21 (Fcyl
AFP-12), additionally groups into a phylogenetically separate clade (C) (Fig. 3.7). The
long preceding sequence clearly distinguishes this sequence from the other F. cylindrus
AFP sequences. Whereas AFP sequences from clades A and B (Fig. 3.7) carry signal pep-
tides at the N-term that suggest a secretory pathway (Janech et al. 2006), no information
is available on the function of the long preceding sequence of Fcyl AFP-12. This part of
the protein shows no similarity to known proteins, it could be involved in AFP function,
subcellular localisation, or other yet not recognised functions of AFPs. It is known from
the winter flounder Pleuronectes americanus that multiple isoforms of AFPs are located
in distinct organs (blood, skin) and carry different functions (plasma antifreeze, intracel-
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lular antifreeze) (Gong et al. 1996). We assume that in the sea ice diatom F. cylindrus
the secretory isoforms are acting uncoupled from the cell in the brine and most probably
as recrystallisation inhibitors. The non-secretory AFPs might function as intracellular
antifreeze or associated to the cell. It was suggested previously for plants and insects that
AFPs in association with plasma membranes might act as antifreeze to prohibit seeding
of crystallisation over the cell membrane (Urrutia et al. 1992; Duman 2001). However, it
was not specified whether these proteins are integrated inside the membrane with trans-
membrane domains, or whether they are associated differently to the surface of the cells.
3.5 General remarks to strain classification
According to Lundholm and Hasle (2008) the Fragilariopsis strain used in our lab, which
was isolated from the Weddell Sea in 1999, is F. nana and not F. cylindrus, as previously
referred to. The same holds true for the sequenced Fragilariopsis strain CCMP 1102,
which is actually F. nana. To avoid confusion we followed the preceding reports (Krell
et al. 2008; Bayer-Giraldi et al. 2010) denoting the sequences as Fcyl, but we suggest to
correct the nomenclature in following studies to Fnana.
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3.6 Supplementary material
Table 3.3: Names and sequences of the primers used for amplification of the AFP genes
from cDNA library clones. Sequences introducing attB sites (small caps) for Gateway
recombination, His-Tag (brackets) and TEV restriction sites (bold) are shown.
Name Sequence
CU0018 ggggacaagtttgtacaaaaaagcaggcttatgctacctgtcctcgtagtccc
CU0024 ggggacaagtttgtacaaaaaagcaggcttatgctacctgtagcccccgtag
CU0029 ggggaccactttgtacaagaaagctgggta[catcaccatcaccatcac]
gaaaacctgtattttcagggcatgcacgaagaaacaacaacagatg
CU0032 ggggacaagtttgtacaaaaaagcaggcttatgcttcagtgattgcattgctc
CU0035 accatcaccatcacgaaaacctgtattttcagggcaataatccatctccccctgctgtcg
CU0036 ggggaccactttgtacaagaaagctgggta[catcaccatcaccatcac]gaaaacctg
CU0038 accatcacgaaaacctgtattttcagggcgcatccatcaacgtccaacccgtc
CU0040 ggggacaagtttgtacaaaaaagcaggcttc[gaaaacctgtattttcagggc]
CU0041 cgaaaacctgtattttcagggcgcatccatcaacgtccaacccgtc
CU0042 cgaaaacctgtattttcagggcaataatccatctccccctgctgtcg
CU0043 cgaaaacctgtattttcagggcatgcacgaagaaacaacaacagatg
CU0044 ggggaccactttgtacaagaaagctgggtttatgctacctgtagcccccgtag
CU0045 ggggaccactttgtacaagaaagctgggtttatgctacctgtcctcgtagtccc
CU0046 ggggaccactttgtacaagaaagctgggtttatgcttcagtgattgcattgctc
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>K20 pCTUT7 SUMO K20
m[hhhhhh]gsglvprgsasmsdsevnqeakpevkpevkpethinlkvsdgsseiffkikkttplrrlm
eafakrqgkemdslrflydgiriqadqtpedldmedndiieahreqigggggsastslykkagfenlyfqgn
npsppavdlgtaedfvilakagvtnvpggyitgdigvspiaasamtgfnlimdssnefststeasgsfyapdymsptgtklttav
sdmltayndaaarpvtggpfdnslsgetytnlgageiggltltpgvytydisvgitgsdvtfdgdgnedsvfiiktsksvlqaagt
evilqngakaenifwsvaqevnvgagahmkgillvktavkfitgssfegrvlsatavtlqeatikqptassarrglrgqva
>K21 pCTUT7 SUMO K21
m[hhhhhh]gsglvprgsasmsdsevnqeakpevkpevkpethinlkvsdgsseiffkikkttplrrlm
eafakrqgkemdslrflydgiriqadqtpedldmedndiieahreqigggggsastslykkagfenlyfqgm
heetttdgetfkkvnvghcvssediasmwvanekgsdarlviadtdtvssiepvttgraswnddhivmggmtfvpnqqctd
snrrklhdtpsfdsisihralkervdflggrrlidrvledggsyatnqlinnpnkvnlgtagnyvilgktgitggagsdvngdmgv
spitsaavtgfglikqvadgfstssvvngkiyaadynteatpaklttaignmqaaytdsqsrlasngaynnigggeiggldlgrgv
ytfntpvsitssmtftggpddvfiiktskglkqaaatkvilaggakaenifwsvagtvyvgatahmegiilvatsatfitgsslngri
lsqtavnlqsnaitea
>K37 pCTUT7 pelB K15
mksllptaaagllllaaqpamasdhfvqeswv[hhhhhh]enlyfqgnnpsppavdlgtaedfvilakagvtnvpg
gyitgdigvspiaasamtgfnlimdssnefststeasgsfyapdymsptgtklttavsdmltayndaaarpvtggpfdnslsget
ytnlgageiggltltpgvytydisvgitgsdvtfdgdgnedsvfiiktsksvlqaagtevilqngakaenifwsvaqevnvgagah
mkgillvktavkfitgssfegrvlsatavtlqeatikqptassarrglrgqva
Figure 3.6: Protein sequences of the constructs selected for refolding and functional anal-
ysis. His-Tag (brackets) and TEV restriction sites (bold) SUMO-tag/pelB peptide (small
caps) and GS-linker (cursive) are shown. The AFP protein sequences start directly after
the TEV restriction sites.
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Figure 3.7: Close up into the phylogeny of Fragilariopsis AFP domains estimated with
PhyML. PhyML algorithm v3.0 was applied with the following settings: model for amino
acid substitution WAG, initial tree: BioNJ, 100 bootstraps (modified after Bayer-Giraldi
et al. 2010). Nodal support values greater than 55 are shown. F. curta (Fcur) sequences
are shown in italics. Sequences used for heterologous expression are underlined (Fcyl
AFP-10, Fcyl AFP-12).
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4 Differential abundance and phylogenetic
diversity of AFP transcript fragments in
environmental transcriptomes from po-
lar sea ice
Christiane Uhlig, Fabian Kilpert, Klaus Valentin, Jessica Kegel, Andreas Krell, Thomas
Mock, Ba´nk Beszteri
Abstract
Antifreeze proteins (AFPs) are known as an adaptation mechanism of organisms subjected
to subzero temperature and freezing conditions. They have been found and studied from
organisms inhabiting sea ice, particularly diatoms. Information on the presence and phy-
logeny of AFP sequences isolated from environmental samples is lacking up to date. We
analysed AFP sequences from five transcriptomes of eukaryotic communities from Arctic
and Antarctic sea ice for functional expression and phylogenetic relationship. AFP tran-
scripts were found in all cDNA libraries with abundances ranging from 115 to 1824 AFP
sequences per 100,000 reads. Phylogenetic placement assigned 90% of the sequences to
a clade of AFPs from the diatoms Navicula glacei, Chaetoceros neogracile and the crus-
tacean Stephos longipes. The remaining 10% belong to a separate clade of Fragilairopsis
AFP sequences. These findings show that AFPs play an important role in eukaryotic sea
ice organisms in their natural habitat and that the Navicula/Chaetoceros clade is more
prominent than the Fragilariopsis clade under the investigated conditions.
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4.1 Introduction
Sea ice constitutes one of the largest ecosystems in the world, accommodating a vast
community of organisms including viruses, bacteria, microalgae and small metazoans
(Thomas and Dieckmann 2002). Despite permanent changes in abiotic conditions as well
as subzero temperatures the organisms inside the brine channels and pores of sea ice thrive
and proliferate due to a whole suite of physiological and biochemical adaptations (Mock
and Thomas 2005). One of these is the production of antifreeze proteins (AFPs), also called
ice-active substances or ice-binding proteins (Raymond and Knight 2003; Raymond et al.
2007).
AFPs have been demonstrated to be present and active in sea ice diatoms (Raymond
et al. 1994; Raymond 2000). First evidence of AFP genes from diatoms was reported
for Navicula glacei and Fragilairopsis cylindrus (Janech et al. 2006; Krell et al. 2008). A
follow-up study showed that F. cylindrus and F. curta have a multitude of AFP isoforms
(Bayer-Giraldi et al. 2010). These also display different transcription patterns, which
indicate functional differentiation between the isoforms (Bayer-Giraldi et al. 2010). Phy-
logenetically diatom AFPs cluster in two separate groups (Bayer-Giraldi et al. 2010). The
first group formed by the Fragilariopsis sequences is rather distantly allied to the second
containing the N. glacei and C. neogracile sequences. The former clade is more closely
related to fungal AFP sequences, the latter to Archeal ones, than both are to each other
(Bayer-Giraldi et al. 2010). This tree topology indicates horizontal gene transfer events
for the acquisition of AFP genes (Bayer-Giraldi et al. 2010) as previously speculated for
an AFP sequence from the crustacean Stephos longipes that clusters with the Navicula
and Chaetoceros AFPs (Kiko 2010).
Functional analyses of heterologously expressed diatom AFP isoforms from Fragilariopsis
cylindrus and Chaetoceros neogracile revealed strong activity with respect to thermal hys-
teresis (i.e. freezing point depression) and recrystallisation inhibition (Gwak et al. 2010;
Bayer-Giraldi et al. 2011; Uhlig et al. 2011). Recrystallisation describes the process of
small ice crystals growing into larger ones by grain boundary migration, which can lead
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to deleterious effects for organisms, as membranes can be damaged by lager ice crystals
(Thomashow 1998). F. cylindrus AFP and a glycoprotein fraction of extracellular poly-
meric substances (EPS) from Melosira arctica have been described to alter ice structure
and brine pore morphologies (Bayer-Giraldi et al. 2011; Krembs et al. 2011). A mushy
ice structure and increased brine retention was observed, in presence of these substances,
which was hypothesised to create a more favourable microenvironment for the organisms
(Krembs et al. 2002; Krembs et al. 2011; Bayer-Giraldi et al. 2011).
Our current knowledge on AFPs primarily comes from studies on unialgal laboratory
cultures. Shotgun sequencing of environmental genomic DNA or mRNA now provides
tools to analyze the presence and activity of genes in the environment and can give in-
sight on gene evolution, e.g. horizontal gene transfer events (reviews by Heidelberg et al.
2010; Mock and Kirkham 2011). Especially for microorganisms and in marine environ-
ments metagenome and metatranscriptome data have already contributed significantly
to the understanding of microbial community composition and function (e.g. Venter et
al. 2004; Rusch et al. 2007; Yooseph et al. 2007; Frias-Lopez et al. 2008). Studies like
the Global Ocean Sampling (GOS)-Expedition and others have so far, however, mainly
focused on procaryotes (e.g. Venter et al. 2004; Rusch et al. 2007; Yooseph et al. 2007;
Frias-Lopez et al. 2008). One reason is that metagenomic approaches are difficult to apply
for eukaryotic communities, e.g. due to the large genome size of eukaryotes compared to
prokaryotes, and the presence of introns (Heidelberg et al. 2010; Grant et al. 2006). For eu-
karyotes transcriptomic studies are more applicable since introns and non-coding regions
(which constitute the majority of eukaryotic genomes) are absent in mRNA. Furthermore,
metatranscriptomes provide information on the actual gene activity of communities in a
habitat under certain environmental conditions (John et al. 2009), a type of information
that is not gained from metagenomes. First studies on environmental transcriptomic ac-
tivity of eukaryotic communities are now available from algal mats of hot springs in China,
and also from a marine habitat, Tampa Bay in Florida, USA (Grant et al. 2006; John
et al. 2009). Metagenomic and -transcriptomic data can also be employed to analyse the
presence, activity and phylogeny of single gene classes in the environment in comparison
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with cultured organisms, as done for phosphatase genes from marine bacteria (Sebastian
and Ammerman 2009).
In this study we identify AFP genes from randomly sequenced cDNA libraries and
a shotgun cDNA pyrosequencing dataset from sea ice community mRNA. We assess the
diversity and phylogenetic distribution of AFP fragments thus found using phylogenetic
placement and interpret the relative AFP fragment abundance as a rough measure of in
situ transcriptional activity. This study provides first metatranscriptomic insights into
AFP diversity and transcriptional activity from eukaryotic sea ice communities.
4.2 Material and Methods
4.2.1 Sampling
Sea ice samples from the Southern Ocean were collected on cruise ANTXXIII-7 of RV
Polarstern in the Weddell Sea in 2006 (sampling sites G and S) and on the SIPEX cruise
of RV Aurora Borealis in the Dumot d´Urville Sea in 2007 (sampling sites A and J). The
Arctic sample was retrieved from Kongsfjord, Svalbard, in spring 2009 (sampling site KF)
(Table 4.1).
Ice samples were retrieved by collection of biomass rich ice pieces which were freshly
broken by passage of the ship (ice fishing, for station G), or by drilling (Kovacs drill 9 cm
diameter, all other samples). From the cores, the lower biomass rich sections (1 - 10 cm)
were taken, cut in slices, crushed, washed with cold sterile brine or sea water and filtered
at 4 ◦C under vacuum not exceeding -200 mbar onto polycarbonate filters with pore size
1.2 µm for Kongsfjord (KF) and Weddell Sea (G, S) samples and 0.2 µm for SIPEX (A,
J). Filters were either treated with RNAlater® (Applied Biosystems) (0.5 to 1.5 mL) and
stored at -80 ◦C (A, J, KF) or frozen dry and stored in liquid nitrogen (G, S) until RNA
extraction.
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4.2.2 RNA preparation
For samples stored in RNAlater®, RNAlater® solution was removed by repeated centrifu-
gation for 10 min at 10,000 g to 16,000 g and 4 ◦C. RNA was isolated using TRIreagent®
(Sigma) according to the manufacturer’s recommendations except the following modifi-
cations. TRIreagent® was heated to 60 ◦C before addition to the cell pellet, and glass
beads (diameter 212 - 600 µm) were used to facilitate homogenisation of the cells. Iso-
propanol precipitation was carried out at -20 ◦C and for samples stored in RNAlater®,
200 µL RNAse-free water was added to improve mixing of the aqueous phase and the
isopropanol. DNA was digested using the RNAse-Free DNase Set (Qiagen) and RNA
purified either by using the RNeasy kit (Qiagen) or by ammonium acetate precipitation.
4.2.3 Construction of cDNA libraries and 454 sequencing
Construction of cDNA libraries for all stations was accomplished by vertis Biotechnologie
AG (Munich, Germany) (see Table 4.2 for samples used for cDNA library establishment).
First strand synthesis from total RNA was conducted using an oligo(dT)-linker primer
and cDNA was further amplified with high fidelity polymerase. The plasmid vector pBS II
sk+ was used for ligation of cDNA. For cloning, the ligations were electroporated into T1
Phage resistant TransforMaxEC100-T1R (Epicentre) electro-competent cells. Sanger
sequencing of the complete cDNA libraries was performed by the Max-Planck-Institute for
Molecular Genetics (Berlin, Germany) using the M13 forward primer (TGT AAA ACG
ACG GCC AGT).
Additionally, 454 sequencing was performed for a pooled sample of G3 and S3 (Weddell
Sea) (Table 4.2). Messenger RNA (mRNA) was purified twice using the Oligotex mRNA
mini kit (Qiagen) to reduce the amount of rRNA and bacterial mRNA. Pooled mRNA was
used in the SuperSmart cDNA synthesis kit (Clontech) for generation of double-stranded
cDNA in 30 PCR cycles with the standard protocol. 10 µg of the cDNA was used for
library construction at the NERC sequencing facility in Liverpool (GS-FLX), UK and
454 Roche (GS-Titanium), US. Both sequencing facilities prepared the libraries according
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Table 4.2: Environmental RNA samples investigated in this study and respective sequenc-
ing method.
Sample/ Station Reference in text Processing and sequencing
dataset (see Table 4.1)
G3/S3 One samples each
from station G and S
(pooled)
metatranscriptome
G3/S3
mRNA cleanup, cDNA synthe-
sis, 454 sequencing of cDNA
G5 G cDNA library G5 1st strand synthesis from RNA
S5 S cDNA library S5 with oligo(dT)-primer, cDNA
A4 A cDNA library A4 library construction, Sanger
J4 J cDNA library J4 sequencing of the entire library
KF1 KF cDNA library KF1
to standard 454 Roche protocols but specifically for either FLX or Titanium sequencing.
Sequencing was performed according to the protocols for the GS-FLX platform (Liverpool)
and the 454 Roche GS-Titanium (US). For assembly of 454 sequence reads, Newbler
(Roche, version 2.6) was applied with default parameters for transcriptomic sequences.
4.2.4 Sequence retrieval and phylogenetic placement
For retrieval of AFP sequences, the sea ice cDNA libraries and the metatranscriptome
were filtered against a reference AFP set. This set included all AFP protein sequences
used by Uhlig et al. (2011) and additionally bacterial ice nucleation protein sequences
as well as Chlamydomonas, fish, plant and insect AFPs. TBLASTX was run with the
environmental datasets as database and the reference AFP sequences as queries with a
cutoff e-value of 10−3. BLAST analysis for the metatranscriptome was only done with
the contigs. BLAST runs for the cDNA libraries were done with the contigs as well as
with the singletons (i.e. sequences that were not assembled to a contig). Potential AFP
candidates were retrieved from the datasets either manually or using mothur (Schloss et al.
2009). Resulting sequences were cross-checked manually versus the non-redundant protein
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database (nr) at NCBI with the BLASTX algorithm. Sequences retrieving no AFP hits
or other than AFP sequences as top hits were discarded. AFP candidates were translated
to amino acids in the respective reading frame resulting from the BLAST search.
For phylogenetic placement a reference alignment was calculated as reported previ-
ously (Bayer-Giraldi et al. 2010) applying the ClustalW algorithm in Mega 4.1 (Tamura
et al. 2007) with all sequences used in Uhlig et al. (2011). A reference phylogeny was
built with PhyML 3.0 (Guindon and Gascuel 2003) including bootstrap analysis with 100
replicates. A profile HMM was calculated from the reference alignment with HMMER
2.3.2 (Durbin et al. 1998). All translated AFP candidate sequences were aligned to the
reference alignment with HMMER 2.3.2 (Durbin et al. 1998) and placed into the refer-
ence tree with pplacer 1.0 (Matsen et al. 2010). Graphical output was generated using
placeviz and the trees were displayed and modified in Archaeopteryx (Han and Zmasek
2009). Taxonomy assignments were chosen according to the best placement (pplacer out-
put parameter maximum likelihood weight ratio (MLratio)). Additionally, the quotient
MLratios 1st hit/2nd hit was calculated to assess robustness of the placement. The place-
ment was considered robust when the ratio was ≥5. When the ratio was smaller, it was
analysed if the 2nd hit hit belonged to another AFP group than the 1st hit (for grouping
see Fig. 4.1). Phylogenetic placement (Fig. 4.2) was conducted both with singletons
and contigs. For the cDNA libraries (see Table 4.2), calculation of the numbers of AFP
sequences per 100,000 reads (Fig. 4.3) was based on the unassembled reads (i.e. contigs
were weighted according to the number of reads belonging to them). In case of the meta-
transcriptome (see Table 4.2), these calculations took only into account the number of
reads that were grouped into contigs. Due to high error rate in 454 sequencing and short
read lengths (Margulies et al. 2005), sequences that were not assembled into contigs were
discarded.
For comparison, taxonomy was also assigned to each AFP candidate according to
the best BLAST hit running BLASTP against nr at NCBI. Calculations were done as
described for the phylogenetic placement.
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4.3 Results
4.3.1 AFP candidates
To identify AFP sequences in eukaryotic communities from sea ice, we searched five cDNA
libraries and one metatranscriptome from five different sampling sites (Tables 4.1, 4.2) for
AFP sequences. BLAST analysis resulted in six unassembled reads for the Arctic cDNA
library KF1 (Table 4.3). The Antarctic cDNA libraries revealed 16 (A4), 10 (J4), 19 (G5)
and 106 (S5) AFP reads, whereas the metatranscriptome G3/S3 had 22 AFP sequence
fragments (Table 4.3). All potential AFP candidates were similar to AFP sequences
previously known from sea ice diatoms and a crustacean and related to the sequences
published by Bayer-Giraldi et al. 2010. No significant hits were found for any of the other
groups (i. e. bacterial ice nucleation proteins or Chlamydomonas, fish, plant and insect
AFPs). Although TBLASTX searches with sequences from the latter groups yielded in
some hits from our datasets, none of these hits passed the reverse check against nr at
NCBI, since all were resulting in much better alignment scores with non-AFP sequences.
Relative abundance of AFP fragments (AFP sequences per 100,000 reads) varied con-
siderably among different samples. Four of the cDNA libraries contained between 115
(KF1) and 329 (G5) AFP sequences per 100,000 reads. Sample S5 stood out with an
approximately 10 times higher AFP abundance (1824 AFPs per 100,000 reads). Surpris-
ingly the metatranscriptome of samples G3/S3 (parallel samples to cDNA libraries G5
and S5, see Table 4.2) only revealed a number of 14 AFP sequences per 100,000 reads.
4.3.2 Phylogeny of environmental AFP sequences
Two thirds (50 out of 69) of the candidate AFP singletons and contigs were placed with
high robustness (MLratios 1st hit/2nd hit ≥ 5) (Fig. 4.2, Supplementary Fig. 4.4, 4.5,
4.6). Half (10 out of 19) of the insecure placements showed the 2nd hit in a different group
from the 1st hit (Fig. 4.2, Supplementary Fig. 4.4, 4.5, 4.6). This was especially often
observed when the 1st hit was not placed inside a clade but at the node defining that
clade (e.g. sequence awiA4P0002O06, Fig. 4.2).
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Figure 4.1: Reference tree for phylogenetic placement of environmental AFP sequences
based on the maximum likelihood criterion calculated with PhyML. Bootstrap supports
higher than 60 are shown for the main nodes. Grouping was chosen similar to (Bayer-
Giraldi et al. 2010; Uhlig et al. 2011) and used in further analysis. Sequence names that
differ from previous publications are listed in supplementary Table 4.4. Branch lengths
show substitutions per site (see scale bar).
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Figure 4.3: Number of AFP sequences in AFP groups of reference tree for phylogenetic
placement (a) and best BLAST (b). Calculations are based on numbers of unassembled
reads.
All AFP candidate sequences retrieved from the Arctic cDNA library KF1 were placed to
the Fragilariopsis sequences (clade I A) (Fig. 4.3 a, Table 4.3, Supplementary Fig. 4.4).
In contrast, when assigning the taxonomy using BLAST, two sequences each were assigned
to the Fragilariopsis (clade I A 1), C. hutchinsonii (no clade) and sea ice diatoms and
crustacean (clade I D) sequences (Fig. 4.3 b, Supplementary Table 4.5). All sequences
from cDNA library A4 were aﬃliated to the sea ice diatom and crustacean clade (I D)
in both, the phylogenetic placement and the best BLAST hit analysis (Fig. 4.2, Fig.
4.3, Table 4.3, Supplementary Table 4.5). For sequences from sample J4 results of both
analyses matched for the majority of sequences, which belonged to the sea ice diatom
and crustacean clade (I D) (Fig. 4.2, Fig. 4.3, Table 4.3, Supplementary Table 4.5).
Only one sequence diverged, which was placed to the Fragilariopsis sequences (clade
I A 3), but had C. hutchinsonii as best BLAST hit (Fig. 4.2, Fig. 4.3, Table 4.3,
Supplementary Table 4.5). Half of the sequences of cDNA library G5 were aﬃliated
to the sea ice diatom and crustacean clade (I D) in both analyses (Fig. 4.3, Table 4.3,
Supplementary Fig. 4.5, Supplementary Table 4.5). The remaining sequences were placed
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Table 4.3: Total number of AFP reads in the respective AFP group resulting from phy-
logenetic placement, additionally the total number of unassembled reads for each dataset
and the average read length in base pairs (bp) are given.
AFP-Group Clade
cDNA library 454a
KF1 A4 J4 G5 S5 G3/S3
Total 6 16 10 19 106 22
F cylindrus 1 I A 1
F cylindrus 2 I A 2 2 1
F cylindrus 3 I A 3 4 1 8
Fungi I B
Bacteria I C
Sea ice diatom and crustacean I D 16 9 10 106 22
Archea I E
Bacteria + Fungi II
Other III
No. of unassembled reads 5228 5002 6245 5773 5812 157553
Average read length (bp) 645 665 699 815 790 176
a454: 454 sequencing of cDNA
to the Fragilariopsis sequences (clade I A), whereas BLAST resulted in six best hits for
Fragilariopsis sequences (clade I A) and one hit each for Fungi (I B) and Archaea (I E)
(Fig. 4.3, Table 4.3, Supplementary Fig. 4.5, Supplementary Table 4.5). All sequences
from cDNA library S5 were placed to the sea ice diatom and crustacean sequences (clade
I D) (Fig. 4.3, Table 4.3, Supplementary Fig. 4.5). When using BLAST, one of those
sequences had C. hutchinsonii as best hit (Fig. 4.3, Supplementary Table 4.5). For the
metatranscriptome G3/S3 the single contig containing all 22 AFP reads was affiliated in
the sea ice and crustacean clade (I D) with both methods (Table 4.3, Supplementary Fig.
4.6, Supplementary Table 4.5).
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4.4 Discussion
4.4.1 Abundance of AFP sequences
Five cDNA libraries and one metatranscriptome from eukaryotic sea ice communities (Ta-
ble 4.2) were screened for the presence of AFP sequences, by filtering the datasets against
reference AFP sequences. All datasets revealed AFP sequences but we observed a large
discrepancy of the relative abundance of AFP sequences between the metatranscriptome
G3/S3 and the parallel cDNA libraries G5 and S5 (Table 4.2). Whereas the metatran-
scriptome G3/S3 had only 14 sequences per 100,000 reads, the parallel cDNA libraries
G5 and S5 had 329 and 1824 AFP sequences per 100,000 reads, respectively (Table 4.3).
The metatranscriptome shows a low complexity as, from a total of 212,301 original reads,
157,553 were assembled to only 670 contigs. Of those 279 were large contigs with length
≥500 base pairs. The AFP contig, however, was 793 base pairs (bp) in length and thus
comparable to the Sanger reads with an average length of 645 to 815 bp. Placement of the
short original reads (only 176 bp in average) showed similar results with most of the hits
in the sea ice diatom and crustacean clade (data not shown). Also a less stringent BLAST
analysis (with e-value=10 instead of e-value=10−3) did not result in more putative AFP
fragments, since none of the sequences found in addition passed the reverse BLASTX
check against the non-redundant database at NCBI. In conclusion, it is likely that the
lower quality, i.e. higher error rate and shorter read length of the 454 reads in comparison
to Sanger reads (Margulies et al. 2005), leads to the discrepancy in the numbers of AFP
fragments between the parallel samples from stations G and S (Table 4.2).
In search of an explanation for the striking multitude of AFP sequences from cDNA
library S5 compared to all other samples, we analysed the data on physical properties
of sea ice at the time of sampling. Data from stations KF, A, J and S do not indicate
any emergent differences (unpublished data and Haas et al. 2009; Meiners et al. 2011)
explaining the much higher number of AFP sequences in sample S. No data is available
for station G, thus a detailed comparison between the two Weddell Sea samples is not
feasible. Unfortunately, no metagenomic studies have been conducted on the samples
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investigated in the present work. Metagenomic data can be used to normalise transcript
numbers to the copy number of genes in the genomic dataset (Frias-Lopez et al. 2008).
If few genes are present in the genomic set, fewer transcripts can be expected, than if
many were present. High representation of transcripts might solely be caused by the
dominance of a single species or group that then influences the transcript numbers of
particular genes (Sebastian and Ammerman 2009). 18S data indicate, however, that at
least at class or genus level this is probably not the reason for the strong presence of
AFP sequences in station S. Both, stations S and G, are dominated by Bacillariophyta or
rather Fragilariopsis species (J. Kegel personal communication, Haase 2007).
4.4.2 Identification of target genes - pplacer versus BLAST
Comparison of the taxonomy assignment with pplacer and BLAST shows, that the clas-
sification of sequences from the sea ice diatom and crustacean clade (e.g. for samples A4,
J4, S5) reach agreement (Fig. 4.3). In contrast samples KF1 and G5 show more incon-
sistencies between both analyses (Fig. 4.3). Sequences assigned to Fragilariopsis clades
2 and 3 (I A 2, I A 3) by pplacer often have the best BLAST hit in Fragilariopsis clade
1 (I A 1). Analyses with BLAST, however, have shown to be error prone in phylogenetic
assignments (Koski and Golding 2001; Hanekamp et al. 2007) and can be difficult to in-
terpret, depending on the search results (Matsen et al. 2010). For sequences, for which
no close relatives are represented in the database, BLAST will result in some best hit,
which might be far away from the true related sequences (Koski and Golding 2001). In the
phylogenetic placements this case is easier to detect, since the hits will appear deep in the
tree, the likelihood ratios of the best placements will be similar, and the best placements
will be far apart, i.e. not on adjacent nodes. In the subsequent discussion we will thus
refer to the results of phylogenetic placement with pplacer only.
Sequences with low placement security (about 20% of all sequences), were usually
placed before a node defining a clade. For those sequences taxonomy assignment either
by pplacer or BLAST have to be particularly interpreted with caution, since, closely
related sequences are lacking. In addition, the phylogeny of AFPs does not overlap with
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the phylogeny of the respective species. For example, AFP sequences from the diatoms
Fragilariopsis sp. are more closely related to fungal and bacterial AFP sequences than
to the other diatom AFPs from Navicula glacei and Chaetoceros neogracile (Fig. 4.1)
(Bayer-Giraldi et al. 2010). This incongruence between AFP and species phylogenies was
previously hypothesised to be caused by multiple horizontal gene transfer events (Kiko
2010; Bayer-Giraldi et al. 2010).
4.4.3 Presence of AFP genes in situ versus molecular biodiver-
sity
By studying Arctic and Antarctic environmental cDNA libraries we show that AFPs are
expressed in situ in both Polar Regions. The Arctic dataset KF1 differs from the other
datasets in having AFP sequences placed into the Fragilariopsis clade (I A), whereas
nearly all AFP sequences from Antarctic samples were placed exclusively to the sea ice
diatom and crustacean sequences (clade I D). Only half of the sequences of sample G5
(Antarctic) were affiliated to the Fragilariopsis clade.
For the Antarctic stations J, G and S the eukaryotic biodiversity was previously as-
sessed based on 18S rDNA sequences (J. Kegel personal communication). Stations G and
S are clearly dominated by Bacillariophyta (diatoms); over 80% and over 90% of 18S se-
quences, respectively, were assigned to this taxon. Station J is dominated by Dinophyceae
(dinoflagellates), with over 70% of the reads versus only 17% diatoms (J. Kegel personal
communication). AFP sequence distribution, however, is more similar for stations J and S
both dominated by AFP clade I D (sea ice diatoms and crustacean). In contrast, station
G has approximately equal amounts of AFP sequences from the Fragilariopsis clade (I A)
and the sea ice diatom and crustacean (clade I D). The sample from the dinoflagellate-rich
station J shows a similar amount of AFP sequences to the diatom dominated stations.
For the tropical dinoflagellate Karina brevis an EST library revealed one sequence with
similarity to antifreeze-glycoproteins from the polar cod (Boreogadus saida) (E=10−6)
and the black-legged tick (Ixodes scapularis) (E=10−4) (Monroe et al. 2010). BLAST
searches of those sequences against cDNA library J4 did not result in any significant
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hits. Investigations on other polar microalgae taxa like dinoflagellates and prymnesio-
phytes (e.g. Phaocystis antarctica) might identify more AFP sequences from microalgae
than currently known. It is possible that also dinoflagellates acquired AFP-like genes by
lateral gene transfer, either from bacteria or fungi or even from diatoms.
4.4.4 Importance of clade I D
The dominance of sequences placed to the sea ice diatom and crustacean sequences (clade
I D) indicates that this clade might be of particular importance for eukaryotic sea ice
organisms, especially microalgae (diatoms, dinoflagellates) dominating the assemblages
in these samples. It is possible that genes from this clade might also be present and
active in Fragilariopsis species. At least two stations (G and S) were additionally shown
to be dominated by Fragilariopsis species (with over 80% and 90% of 18S sequences,
respectively) (Haase 2007). Despite the dominance of Fragilariopsis sp. in the two stations,
relatively few of the AFP sequences (50% for station G and none for station S) were
grouped with the Fragilariopsis AFPs. It is surprising that none of the environmental
sequences were placed in the large Fragilariopsis subclade 1 (I A 1) (Fig. 4.1). Sequences
from this clade were previously shown to be differentially expressed under salinity and
temperature stress in Fragilariopsis cylindrus and F. curta and thought to be important
due to their multitude of isoforms (Bayer-Giraldi et al. 2010). Inside this group an E/G
point mutation at amino acid position 18 was observed that correlated with up-regulated
and down-regulated isoforms, respectively (Bayer-Giraldi et al. 2010). It was speculated
that a successive activation of several AFP isoforms might take place, when the cells are
subjected to elevated salinity and subzero temperature (Bayer-Giraldi et al. 2010). The
previous study investigated conditions resembling the freezing of diatoms into the ice in
autumn and the subsequent several days. In contrast, the organisms investigated in the
present study had been incorporated in the sea ice for the entire winter, since sampling
took place in early to late spring. It might thus be possible, that genes from clade I A 1
are activated as short term stress response to decreasing temperature and ice formation,
whereas genes from clades I A 2, I A 3 and I D are activated for long term protection.
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Table 4.4: List of the sequences named differently than in previous publications
This study Bayer-Giraldi et al. (2010) NCBI Accession no.
Fcylindrus 13 CCMP-15 IBP 2 GU001149
Fcylindrus 14 CCMP-43 IBP 3 GU001150
Fcylindrus 15 CCMP-35 IBP 4 GU001151
Fcyldinrus 16 CCMP-27 IBP 5 GU001152
Table 4.5: Total number of AFP reads in the respective AFP group resulting from best
BLAST (compare to reference tree), additionally the total number of unassembled reads
for each dataset and the average read length in base pairs (bp) are given.
AFP-Group Clade
cDNA library 454a
KF1 A4 J4 G5 S5 G3/S3
Total 6 16 10 19 106 22
F cylindrus 1 I A 1 2 6
F cylindrus 2 I A 2
F cylindrus 3 I A 3
Fungi I B 1
Bacteria I C
C hutchinsonii 2 1 1
Sea ice diatom and crustacean I D 2 16 9 11 105 22
Archea I E 1
Bacteria + Fungi II
Other III
No. of unassembled reads 5228 5002 6245 5773 5812 157553
Average read length (bp) 645 665 699 815 790 176
a454: 454 sequencing of cDNA
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Table 4.6: Contig names shown in Figures 4.2, 4.4, 4.5, 4.6 and respective number of
members of unassembled reads.
Contig name No. of members
awiKF1 2009-12-02-CL297 c1 2
awiA4 2009-12-01-CL116 c1 2
awiA4 2009-12-01-CL116 c2 3
awig5-CL245Contig1 2
awig5-CL296Contig1 2
awis5-CL103Contig1 2
awis5-CL1Contig1 11
awis5-CL1Contig2 21
awis5-CL1Contig3 26
awis5-CL1Contig4 2
awis5-CL1Contig5 7
awis5-CL1Contig6 20
awis5-CL553Contig1 2
G3/S3contig00106 22
5 General discussion
Sea ice constitutes one of the largest biomes on earth (Thomas and Dieckmann 2002),
a habitat that is permanently at subzero temperatures. Organisms throughout several
kingdoms of life have developed antifreeze proteins (AFPs) as an important adaptation
mechanism to live successfully in sea ice (DeVries and Wohlschlag 1969; Raymond et
al. 1994; Raymond et al. 2007; Kiko 2010). In this thesis I have shown the widespread
distribution of AFPs throughout the order of Bacillariophyta, by investigating AFP ac-
tivity from mainly Arctic diatom species (chapter 2), which were underrepresented in
previous studies. Further, detailed functional analyses of two recombinant AFPs from
Fragilariopsis nana (refer to footnote 1 on page 11) in combination with estimates on
the intracellular AFP concentration enabled me to propose possible functions of AFPs in
diatoms (chapter 2 and 3). The described presence and high abundance of active AFP
genes in environmental samples proves their importance for eukaryotic sea ice communi-
ties (chapter 4). In the following, the main findings are summarised and discussed with
focus on the distribution and phylogeny of AFPs in diatoms and the potential functions of
diatom AFPs. Finally, future research themes are proposed covering the areas of diatom
AFP evolution, in situ function and potential applications.
5.1 Distribution and phylogeny of diatom AFPs
5.1.1 Distribution of AFP activity and genes in diatoms
To further the knowledge on the distribution of AFPs in polar diatoms, Arctic and Antarc-
tic diatom species were tested for the presence of AFPs by assessing the recrystallisation
inhibition (RI) activity of cell lysates (chapter 2). The study revealed RI activity in
three Navicula sp. cultures as well as in cultures of Fragilariopsis nana, Entomoneis sp.,
Nitzschia sp. and Thalassiosira nordenskioeldii from the Arctic and cultures of F. nana,
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Table 5.1: Number of species investigated for AFP activity in this and previous stud-
ies (Raymond et al. 1994; Raymond 2000; Janech et al. 2006) in the respective diatom
families. All polar species showed activity, whereas all temperate species did not show
activity. Families where sequence information on AFPs is available are shown in bold.
Order (No. of species Family No. of polar species No. of temperate species
polar/temperate) (Arctic/Antarctic) (marine/freshwater)
Achnanthales (0/1) Achnanthaceae 1 (1/0)
Bacillariales (7/1) Bacillariaceae 7 (2/5) 1 (0/1)
Chaetocerotales (2/0) Chaetocerotaceae 1 (0/1)
Attheyaceae 1 (1/0)
Coscinodiscales (1/0) Coscinodiscaceae 1 (0/1)
Hemiauales (1/0) Hemiaulaceae 1 (0/1)
Fragilariales (1/0) Fragilariaceae 1 (1/0)
Navicuales (8/1) Amphipleuraceae 2 (0/2)
Berkeleyaceae 1 (0/1)
Peurosigmataceae 1 (0/1)
Naviculaceae 4 (1/3)
Phaeodactylaceae 1 (1/0)
Rhizosoleniales (1/0) Rhizosoleniaceae 1 (0/1)
Suriellales (1/0) Entomoneidaceae 1 (1/0)
Thalassiosirales (3/3) Thalassiosiraceae 3 (1/2) 2 (2/0)
Stephanodiscaceae 1 (0/1)
Thalassiophysales (1/0) Catenulaceae 1 (1/0)
Eucampia antarctica, Porosira glacialis and Proboscia inermis from the Antarctic. Re-
gardless if they were isolated from the ice or water column, all polar species showed RI
activity under experimental conditions, and were thus able to produce AFPs or other
components that produce similar effects (Walters et al. 2009). By merging data from this
and previous reports (Raymond et al. 1994; Raymond 2000; Janech et al. 2006), it can be
shown that AFP activity is present in a wide range of polar diatom species isolated from
the sea ice or from the water column from both Polar Regions (Table 5.1, see also Tables
A.1 and A.2 in Appendix A).
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Reports on the presence of AFPs in sea ice assemblages, are summarised in Table 5.2.
The presence of AFPs was assessed either by functional measurements of AFP activity,
i.e. ice pitting studies (Raymond et al. 1994; Raymond 2000), or the sequencing approach
presented in chapter 4. By using independent techniques, AFPs were shown to be present
in Arctic and Antarctic sea ice from various regions and under different environmental
conditions, e.g. ice type and age. Like in the sequencing study (chapter 4), most of the
investigations by Raymond were done on 1st year ice, or ice of younger age (Raymond et
al. 1994; Raymond 2000). One sample was explicitly defined as 2nd year ice, which showed
lower activity than the samples from younger ice (Raymond 2000). It was hypothesised
that the production of AFPs is stimulated by ice formation and for that reason lower in
the slower growing 2nd year ice than in the faster growing 1st year ice (Raymond 2000).
Most of the species tested (Raymond et al. 1994; Raymond 2000; Janech et al. 2006,
chapter 3) belong to the orders Bacillariales, Navicuales and Thalassiosirales (23 out of
32 species) and include both, polar and temperate, species (see Table 5.1). None of the
temperate species tested showed AFP activity (chapter 2, Table A.3 in Appendix A, and
Raymond et al. 1994), indicating that the presence of AFPs is unique to diatom species
experiencing freezing conditions (Raymond et al. 1994; Janech et al. 2006). Reports on
AFP activity or genes in mixed diatom assemblages in situ are so far restricted to the
Polar Regions (Table 5.2). Corresponding results were reported from a study on AFP
activity in cyanobacteria and mosses from the Antarctic as well as temperate regions,
in which also only samples from cold habitats showed antifreeze activity (Raymond and
Fritsen 2000). In addition, the lack of AFP sequences in the genomes of the temperate
species Thalassiosira pseudonana and Phaeodactylum tricornutum (Janech et al. 2006;
Armbrust et al. 2004; Bowler et al. 2008) implicates that AFPs are in fact an adaptation
exclusively to the diatoms in polar areas or cold regions.
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Table 5.2: Reports on presence of AFP activity or genes in mixed diatom assemblages
from sea ice in this (chapter 4) and previous studies (Raymond et al. 1994; Raymond
2000). For further information on the samples of the sequencing study refer to chapter 4.
Sampling site Sampled ice type Further comments Reference
Antarctic - ice pitting activity
McMurdo Sound platelet ice (1994), October to December, Raymond et al. 1994,
(1994, 1995, 1998) congelation ice mostly 1st year ice, Raymond 2000
(1995, 1998) 2nd year ice had low activity
Ross and n.d. May/August, Raymond 2000
Bellinghausen Seas less than two month old,
(1995) strong activity
Ross sea darkly coloured chunk November, Raymond 2000
from the underside mostly Berkeleya,
of an ice floe very strong activity
Weddell Sea coloured chunks April/May, Raymond 2000
floating in strong activity
pancake ice
Antarctic - sequencing study
Weddell Sea, n.d. September, this study
station G 1st year ice
Weddell Sea, columnar Oktober, this study
station S 1st year ice
D´Urville Sea, granular/columnar September, this study
station A 1st year pack ice
D´Urville Sea, columnar October, this study
station J 1st year pack ice
Arctic - ice pitting activity
Resolute, underside of June, mostly pennate Raymond 2000
Canada sea ice diatoms, good activity
Arctic - sequencing study
Kongsfjord congelation ice May, just before melt, this study
1st year ice
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5.1.2 Phylogeny of AFP genes from diatom isolates and envi-
ronmental samples
Information on AFP genes is only available for four Antarctic diatom isolates (Fragilariopsis
nana, Fragilairopsis curta, N. glacei, C. neogracile) (Krell et al. 2008; Bayer-Giraldi et al.
2010; Janech et al. 2006; Gwak et al. 2010). As analysed by Bayer-Giraldi et al. (2010)
and in chapter 3, Fragilariopsis species contain a multitude of AFP isoforms that group
into one phylogenetic clade. A second clade contains the N. glacei and C. neogracile se-
quences. The former clade is more closely related to fungal AFP sequences, the latter to
Archeal ones, than both are to each other (Bayer-Giraldi et al. 2010). This tree topology
indicates that AFPs might be transferred in between species via horizontal gene transfer
(HGT) (Bayer-Giraldi et al. 2010; Kiko 2010). HGT was also proposed for an AFP se-
quence found in the Antarctic copepod Stephos longipes, this gene is similar to the AFPs
from N. glacei and C. neogracile (Kiko 2010).
In chapter 4 the phylogenetic analysis of AFP genes retrieved from environmental
cDNA libraries of five sea ice diatom assemblages is described. AFPs were found to be
expressed in situ, in samples from both Polar Regions (Table 5.2), however, the phylo-
genetic relationship of the AFP genes from the Antarctic sample differs from that of the
Arctic samples. Mainly AFP sequences similar to the Navicula/Chaetoceros clade were
present in the samples from the Antarctic. In contrast, the Arctic dataset contained only
AFP sequences from the Fragilariopsis clade. Surprisingly, no divergence in the phyloge-
netic affiliation of AFP sequences was observed for samples in which different taxonomic
groups of microalgae were dominant. The Navicula/Chaetoceros clade of AFP sequences
was dominant in several samples, although one of those was dominated by dinoflagellates,
whereas the others were dominated by diatoms (J. Kegel, personal communication). One
sample showed a striking dominance in terms of the abundance of AFP sequence as the
abundance was one order of magnitude higher than in the other samples. This sample
was dominated by diatoms belonging to Fragilariopsis species (J. Kegel, personal com-
munication, Haase 2007). All AFP sequences found in this sample were placed in the
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Navicula/Chaetoceros clade. These data indicate that AFP sequences, which are closely
related to the Navicula/Chaetoceros clade, might also be present in Fragilariopsis species,
in addition to the already known Fragilariopsis sequence (Bayer-Giraldi et al. 2010, chap-
ter 3). Alternatively, Navicula and Chaetoceros species might have been the only species
expressing AFPs in the respective samples.
The dominance of the Navicula/Chaetoceros clade in nearly all samples indicates that
this clade is of special importance for the eukaryotic sea ice assemblages under the given
in situ conditions. Studies using quantitative reverse-transcription PCR on Fragilairopsis
cultures revealed differential expression of several AFP isoforms from the Fragilairopsis
clade under salt and salinity stress (Bayer-Giraldi et al. 2010). The experimental condi-
tions in that study resembled the freezing of the diatoms into the ice column and the
subsequent sea ice development. Bayer-Giraldi et al. (2010) proposed that the successive
activation of several isoforms represents early responses as well as later acclimation to
stress. As the eukaryotic communities investigated in chapter 4 had been incorporated
in the sea ice for the entire winter, genes from the Navicula/Chaetoceros clade might be
activated for long-term protection.
This first study on environmental AFP sequences indicates that there are variations
in the AFP genes active in different communities. Whether these variations were caused
by dissimilar species composition or other factors (e.g. ice type, age of ice, temperature)
could not be completely resolved, as information on species composition and environmen-
tal conditions was not available for all samples. In future studies, care should be taken
to gain comprehensive information on environmental conditions and species composition
to answer these unresolved questions. In addition, functional measurements should be
combined with molecular tools, to deduce the connection between in situ AFP activity,
gene expression and phylogeny.
In summary, the presence of AFPs, either measured as activity or de-
termined as AFP genes, is spread throughout the diatom phylogeny, yet is
restricted to polar diatom species. AFPs are found in species isolates as
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well as in natural assemblages in the Arctic and in the Antarctic, in several
regions, and in ice of different type and age. AFP genes of different phylo-
genetic affiliation are active in different assemblages in situ and the amount
of active AFP genes varies between assemblages. Parameters causing the
observed variations could not be determined in the present study.
5.2 Functional characterisation of AFPs from sea ice
diatoms and their ecological significance
5.2.1 Functional characterisation of recombinant AFP isoforms
Detailed functional characterisation of AFPs provides the basis to deduce the in situ func-
tion of AFPs. In chapter 3 the recombinant expression and functional characterisation
of two F. nana AFP isoforms is presented. The two isoforms studied are phylogenetically
separated within the Fragilariopsis clade and showed distinct characteristics. The recom-
binant protein of isoform F. nana AFP-10 showed maximal thermal hysteresis (freezing
point depression) of 1.5 ◦C at 24.2 µM protein, whereas maximal thermal hysteresis of re-
combinant protein of isoform F. nana AFP-12 was higher with 2.3 ◦C at 19.0 µM protein.
These values are 2 to 3 times higher than reported for mature C. neogracile AFP (0.8 ◦C,
38.2 µM) (Gwak et al. 2010). Another recombinant F. nana AFP also showed maximal
thermal hysteresis of 2.5 ◦C, but at an approximately ten times higher concentration of
345 µM (Bayer-Giraldi et al. 2011). Thermal hysteresis activity of the recombinant F.
nana AFPs studied in chapter 3 is higher than that reported for moderate fish AFPs,
with about 0.5 to 1 ◦C at millimolar concentrations (Davies and Hew 1990), and is close
to the values reported for hyperactive AFPs with the same activity at micromolar con-
centrations (Scotter et al. 2006). For both F. nana isoforms thermal hysteresis activity
increased with increasing AFP concentration as well as with increasing buffer salinity
(chapter 3). In the natural environment of sea ice diatoms it is highly efficient to cou-
ple the antifreeze function to salinity since lower temperatures in the brine pockets are
accompanied by higher salinities (Cox and Weeks 1983).
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Furthermore, different molecular functions of the two recombinant AFPs were shown
by studying ice crystal deformation patterns. Ice crystals growing in solutions of recom-
binant F. nana AFP-10 or F. nana AFP-12 formed hexagonal bi-pyramids or hexagonal
columns, respectively. The first pattern indicates AFP binding to the non-basal planes
(see Fig. 1.6 j on page 8), which is typical for moderate AFPs (Scotter et al. 2006).
The second indicates binding to the basal and non-basal planes, known for hyperactive
insect AFPs (Graether et al. 2000). At high protein concentration or high buffer salinity,
crystal burst of radial symmetry in directions of the a-axes were observed. A radial burst
pattern and a burst pattern parallel to the a-axis was described for recombinant AFPs
from Tyhula ishikariensis and another F. nana AFP, respectively (Xiao et al. 2010; Bayer-
Giraldi et al. 2011). Both sequences are closely related to the AFP sequences studied in
chapter 3. Radial burst patterns parallel to the a-axis are typical for hyperactive AFPs
(Scotter et al. 2006). In conclusion, the binding and burst patterns as well as thermal
hysteresis potentials observed for the recombinant F. nana AFPs in chapter 3 classify
both isoforms into the group of hyperactive AFPs.
5.2.2 Subcellular localisation and function
As observed in the characterisation of recombinant AFPs, the in situ function of AFPs will
strongly depend on the protein concentration (chapter 3, Bayer-Giraldi et al. 2011). In-
tracellular AFPs most likely occur in higher concentrations than extracellular AFPs, thus
the localisation will influence AFP function. The presence of intracellular AFPs in diatoms
was demonstrated in chapter 2, where AFP activity, i.e. recrystallisation inhibition, was
found in cleared cell lysates of several polar diatom species. For F. nana intracellular
concentrations of 0.3 to 68.5 µM AFP equivalent were calculated (AFP equivalent refers
to the calibration of the measurements using a recombinant AFP). Lowest AFP concen-
tration of a recombinant F. nana AFP required for RI was reported with 0.012 µM AFP
in saline solution (Bayer-Giraldi et al. 2011). Thermal hysteresis was observed for protein
concentrations of 1.2 µM AFP and higher (Bayer-Giraldi et al. 2011, chapter 3). The
intracellular concentrations calculated for diatoms thus confirm that diatom AFPs will
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act as recrystallisation inhibitor, but the estimates also lie in the range of concentrations
required for thermal hysteresis (chapter 3). Intracellular inhibition of recrystallisation
was proposed as a cryoprotective function by reducing mechanical disruption of cells or
organelles in freeze-thaw cycles caused by growing ice crystals (Raymond 2000). Isoform
F. nana AFP-12 is potentially an intracellular antifreeze, as it does not carry a signal
peptide that indicates secretion. Sequence analysis, however, revealed that it has a 131
amino acid sequence of unknown function preceding the antifreeze domain (chapter 3).
The respective sequence shows no similarity to known proteins and might be involved
in AFP function, in subcellular localisation, or other not yet recognised functions of the
AFP. Alternative to the intracellular localisation, F. nana AFP-12 could also be associated
with the cell membrane. Membrane associated antifreeze components (AFPs or antifreeze
glycolipids) are present in plants and insects and were suggested to inhibit spreading of
extracellular ice into the cytosol or to stabilise cell membranes at low temperature (Urru-
tia et al. 1992; Duman 2001; Walters et al. 2009). Except for the gene sequence for isoform
F. nana AFP-12, which groups into a phylogenetically distinct clade (see Supplementary
Fig. 3.7 in chapter 3), all F. nana AFP isoforms group into two clades, of which most
of the sequences carry signal peptides, indicating the extracellular secretion of the AFPs
(Janech2006, Krell2008, chapter 3). The different signals for subcelluar localisation in-
dicate that the different AFP isoforms fulfil different functions. From the winter flounder
Pleuronectes americanus it is known that multiple isoforms of AFPs are located in dis-
tinct organs (blood, skin) and carry different functions (plasma antifreeze, intracellular
antifreeze) (Gong et al. 1996). The other isoform studied in chapter 3, F. nana AFP-10,
carries a signal peptide and is thus probably secreted to the extracellular space (Krell et al.
2008). AFPs, that are secreted into the brine, surrounding the diatom cells, were proposed
to modify the surface and optical properties of ice thus enhancing algal attachment or
light scatter (Raymond et al. 1994). In addition, it was hypothesised that AFPs maintain
the fine brine channels providing habitable space for ice diatoms (Raymond 2000). Mod-
ification of ice texture and brine channel morphology was observed for a recombinant F.
nana AFP as well as a glycoprotein fraction of Melosira arctica exopolymeric substance
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(EPS), resulting in more porous ice structure and a angular and convoluted structure of
the brine channels, respectively (Bayer-Giraldi et al. 2011; Krembs et al. 2011). These
structures create a favourable environment for the ice alga since more liquid is retained
and not drained during sea ice formation and aging (Bayer-Giraldi et al. 2011; Krembs
et al. 2011). In addition, EPS were proposed to protect diatoms from being damaged by
ice crystals (Krembs et al. 2002). It is probable, that the glycoprotein fraction described
by Krembs et al. (2011) is a proteinaceous antifreeze component (Raymond 2011), which
would have caused AFP activity as assessed in the measurements in chapter 2. AFPs
might accumulate in the EPS layer found around diatom cells in sea ice (Krembs et al.
2002), acting more effectively in this microenvironment, than when dissolved in brine.
Microbial EPS for example provide a hydrated microenvironment maintaining extracel-
lular enzymes in close vicinity to the cells (Decho and Herndl 1995). In a similar manner,
secreted AFPs might be concentrated in EPS around diatom cells, accumulating to the
concentrations required for RI or even thermal hysteresis. AFP activity in some sea ice
diatoms was shown to be rather robust against elevated temperature (20 ◦C) and pro-
teolytic treatment (chapter 2), implicating that AFPs are stable enough for adequate
accumulation in a given time. The combination of EPS and embedded AFPs might pro-
tect the cells very effectively from potential damage by ice crystals.
In summary, the two F. nana AFP isoforms studied in chapter 3 show
crystal deformation patterns and a thermal hysteresis potential that affil-
iates these sequences to the group of hyperactive AFPs. Different AFP
isoforms carry different signals of subcellular localisations, i.e. are found
intracellular, maybe associated to membranes, or are excreted. Intracellu-
lar AFP concentrations demonstrate that AFPs will act as recrystallisation
inhibitor and likely also as thermal hysteresis protein. Extracellular AFPs
might accumulate in EPS providing protection against ice crystal damage.
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5.2.3 Further considerations on the ecological significance of di-
atom AFPs
The capability of sea ice diatoms to survive and grow within sea ice provides the advantage
that cells are positioned in a stable matrix that guarantees maximal light availability
(Eicken 1992). In ice covered regions of Polar Oceans, light availability decreases with
depth in the ice and is even lower in the underlying water column (Eicken 1992). Light fuels
photosynthesis, which provides the first energy source for photoautotrophic organisms,
allowing for growth and reproduction. AFP protected diatom species (chapters 2 and
4) can populate sea ice as favourable ecological niche compared to the underlying water
column with respect to the light availability. AFPs furthermore modify the brine pore
morphology to smaller, more convoluted pores compared to AFP free ice (Krembs et al.
2011; Bayer-Giraldi et al. 2011). This will lead to a reduced accessibility for grazers in
sea ice and protect the microalgae from being grazed, while situated in the fine ice pores.
Grazers, however, have access to sea ice diatoms as important food source (Lizotte 2001)
at the ice water interface, where the ice structure is characterised by lager channels and
pores (Weissenberger et al. 1992). While feeding on diatoms they will also ingest the AFPs
and might profit from the AFP function. Similar to the uptake of polyunsaturated fatty
acids by organisms that cannot produce polyunsaturated fatty acids themselves (Thomas
and Dieckmann 2002), AFP could serve as secondary antifreeze for these organisms after
ingestion. Krill feeds on ice algae and eventually scrapes of the algae directly from the ice
surface (Stretch et al. 1988; Hamner and Hamner 2000). In this process the krill might also
ingest small ice crystals that would damage the tissues when growing inside the gut. One
could envisage that the ingested diatom AFP, if not digested in the gut, would maintain its
activity inside the grazer. Our measurements from chapter 2 indicate some resistance of
the diatom antifreeze components against proteolytic treatment, thus AFPs might retain
activity at least for a while after ingestion. In the gut of Antarctic fishes, antifreeze
glycoproteins are present in high concentrations (O’Grady et al. 1982), preventing the
growth of ice crystals that are ingested with the diet (O’Grady et al. 1983). To my
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knowledge, no reports on thermal hysteresis or AFPs from krill are presently available.
Another crustacean, the copepod Stephos longipes, exhibits thermal hysteresis of the
haemolymph, which was attributed to AFP expression detected via in situ hybridisation
(Kiko 2010). The ingested diatom AFPs might thus, in case of the krill, be the only
proteinaceaous antifreeze in the gut, whereas in Stephos longipes it might complement
the existing AFPs. Reabsorption of the antifreeze gylcoproteins from the gut into the
blood of the fishes was not observed (O’Grady et al. 1983).
Next to the effects on crystal growth and ice restructuring, diatom AFPs might also
influence the melting process of sea ice. AFPs from insects, bacteria and fishes were
shown not only to lower the freezing point of a solution, but also to increase the melting
point (Celik et al. 2010). A hyperactive AFP from an Antarctic lake bacterium increased
the melting point of ice by up to 0.44 ◦C (Celik et al. 2010). The recombinant diatom
AFPs studied in chapter 3 were classified as hyperactive AFPs as they showed similar
molecular characteristics, i.e. crystal deformation, burst patterns and thermal hysteresis,
and thus might also increase the melting point of ice. During the melting of sea ice,
diatoms encounter hyposmotic conditions as meltwater dilutes the brine in the pores
inhabited by the diatoms. Hyposmotic conditions can be harmful for sea ice diatoms
slowing cell growth and even leading to cell death (e.g. Vargo et al. 1986; Ryan et al.
2004; Garrison and Buck 1986). A delayed and thus maybe slower melting process of
the ice enclosing the brine pockets might lead to a slower salinity shift and thus higher
survival of the diatoms during sea ice melt.
Sea ice diatoms invest high amounts of energy in the production of AFPs. Intra-
cellular AFP concentrations in cells are at high levels of 0.1 - 5% of the total protein
concentration (chapter 2), which is comparable to or even higher than the amount of
photosynthetic protein PsbD (e.g. 0.08-0.42% of total protein for Coscinodiscus radia-
tus and Thalassiosira pseudonana, respectively, at 30 µmol photons cm−2 s−1 (Wu et al.
2011)). Taking into account the fraction of AFP that is excreted the values are even
higher. Measurements of primary productivity rates indicate that dissolved organic car-
bon, which also includes the fraction of secreted AFPs, accounts for 1-10% of the carbon
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uptake for F. nana (M. Fern¨ı¿½ndez-Mı¨¿½ndez, personal communication). Regarding the
broad distribution of AFPs in polar diatom species and assemblages, the multitude of
highly and differentially expressed AFP genes, and the cell biological expenses diatoms
invest in AFPs, these proteins seem to be an important factor for diatom success the sea
ice habitat.
In summary, the ability to produce AFPs provides the advantage for di-
atoms to survive in sea ice under more favourable light conditions compared
to the water column. The smaller brine channel morphology caused by di-
atom AFP might result in an exclusion of grazers, and thus protect the
diatoms. Higher trophic levels will ingest AFPs while grazing on diatoms
and might profit from the antifreeze functions. In addition to crystal forma-
tion and restructuring, AFPs might influence the melting of sea ice, slowing
down the salinity breakdown inside brine pockets during melting. The high
amounts of energy sea ice diatoms invest for the production of AFPs indi-
cate that AFPs are an important factor required for survival in the sea ice
habitat.
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5.3 Future research and perspectives
Results from this thesis contribute significantly to the knowledge on AFPs from polar
diatoms. A broad view of the large scale distribution of AFP activity in diatom isolates
and communities down to the function of the single AFP molecule is shown. Research on
diatom AFPs is relatively young (Raymond et al. 1994) compared to the research on fish
AFPs (DeVries et al. 1970), thus plenty of questions arising from this study have yet to
be answered.
The presence of AFP activity in several new diatom species (chapter 2) confirms the
widespread distribution of AFPs in polar diatoms. AFP phylogeny, however, deviates from
diatom taxonomy in the current analysis. Related temperate species and species providing
evolutionary junctions should be screened for AFP activity and the presence of AFP genes.
As information on diatom AFP genes up to date is only available from Antarctic species,
complementary studies, e.g. on Arctic strains of F. nana might give valuable information
to deduce the evolution of AFPs in diatoms. Chapter 4 shows that analysis of AFP genes
from environmental datasets can provide information on AFP presence, phylogeny and
activity. There is a wealth of metagenome and metatranscriptome data already available
and the amount of data is expected to increase in the near future. Comparing data from
different habitats and organisms (e.g. viral, prokaryotic and eukaryotic) could provide
information on the distribution of AFPs as well as their acquisition and evolutionary
processes, e.g. horizontal gene transfer. For evolutionary questions further insight could
be gained by studying eukaryotic non-diatom algae that are also found associated with
the sea ice habitat, such as dinoflagellates or Phaeocystis species.
AFP function has been studied in laboratory experiments to obtain information on
the molecular function of AFPs from diatoms (chapters 2 and 3). In future studies one
focus could be on the question of the in situ function of AFPs in the cell or in brine
channels. This includes studies on the localisation of different AFP isoforms relative
to the cell compartments (i.e. in cytoplasm, in organelles, in membrane or excreted)
e.g. by immunolocalisation. For extracellular AFPs the interplay of AFPs with EPS
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should be studied. Complementary, differential expression and subsequent activation of
AFP isoforms should be investigated to resolve potential short-term acclimation from
long-term protection. Quantification of intracellular and excreted AFP concentrations is
crucial, since protein function correlates with protein concentration (chapter 3). The
heterologous expression of single AFP isoforms (chapter 3 and Bayer-Giraldi et al. 2011)
provides the opportunity to study the proteins on the molecular level. Single isoform AFPs
can be used to resolve the protein structure via X-ray or nuclear magnetic resonance to
gain information on the molecular protein-ice interaction as shown for fish and insect
AFPs (e.g. So¨nnichsen et al. 1996; Graether et al. 2000). Structural and functional units
of proteins, e.g. transmembrane domains and ice binding sites, can be determined.
Finally, there are many scopes for the application of AFPs, for example in medicine
and food sciences. In cryopreservation the specific characteristics of AFPs, e.g. potential
of thermal hysteresis and recrystallisation inhibition as well as crystal burst pattern,
make one AFP suitable for an application whereas others can be unsuitable (see review
by Brockbank et al. 2011). If diatom AFPs have suitable characteristics remains to be
tested. Diatom AFPs might especially be of interest for food sciences, since the application
of genetic modified material in food products is controversial. Due to optional large-scale
cultivation of microalgae, harvesting AFPs from microalgae might be more feasible than
from fish and circumvents the need of genetic engineered production of AFPs.
I do not care ´bout cold or sneeze,
as long as I have antifreeze.
Klaus Valentin
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A Tables species
Table A.1: List of Antarctic polar diatom species tested to date for antifreeze activity.
Species with molecular support shown in bold. For further taxonomical information on
species investigated in this study refer to chapter 2. All Antarctic species exhibited
antifreeze activity.
Polar species Order, family Isolated from ice type Reference
McMurdo Sound - Antarctic
Amphiprora kufferathii Naviculales, platelet ice Raymond 2000
Amphipleuraceae
Amphiprora sp. Naviculales, platelet ice Raymond 2000
Amphipleuraceae
Berkeleya sp. Naviculales, platelet ice Raymond 2000
Berkeleyaceae
Eucampia antarctica Hemiauales, ice edge 25 m this study
Hemiaulaceae
Nitzschia curta Bacillariales, platelet ice Raymond 20000
Bacillariaceae
Nitzschia stellata Bacillariales, platelet ice Raymond et al. 1994
Bacillariaceae
Porosira pseudodenticulata Thalassiosirales, platelet ice Raymond et al. 1994
Thalassiosiraceae
Pleurosigma sp. Naviculales, platelet ice Raymond 2000
Peurosigmataceae
Cape Evens – Antarctica
Navicula glacei Naviculales, sea ice Janech et al. 2006
Naviculaceae
continued on next page
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Table A.1: List of Antarctic polar diatom species tested to date for antifreeze activity.
Species with molecular support shown in bold. For further taxonomical information on
species investigated in this study refer to chapter 2. All Antarctic species exhibited
antifreeze activity.
Polar species Order, family Isolated from ice type Reference
Near King George Island – Antarctica
Chaetoceros neogracile Chaetocerotales, no information Janech et al. 2006,
Chaetocerotaceae Gwak et al. 2010
Fragilariopsis pseudonana Bacillariales, no information Janech et al. 2006
Bacillariaceae
Stellarima microtrias Coscinodiscales, no information Janech et al. 2006
Coscinodiscaceae
Weddell Sea – Antarctica
Fragilariopsis curta Bacillariales, sea ice Bayer-Giraldi et al.
Bacillariaceae 2010, this study
Fragilariopsis cylindrus Bacillariales, sea ice Janech et al. 2006,
Bacillariaceae Krell et al. 2008,
Bayer-Giraldi et al.
2010, this study
Antarctic undefined
Porosira glacialis Thalassiosirales, no information this study
Thalassiosiraceae
Proboscia inermis Rhizosoleniales, no information this study
Rhizosoleniaceae
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Table A.2: List of Arctic diatom species tested to date for antifreeze activity. For further
taxonomical information on species investigated in this study refer to chapter 2. All Arctic
species exhibited antifreeze activity.
Polar species Order, family Isolated from ice type Reference
North Atlantic, Tromsø- Arctic
Thalassiosira nordenskioeldii Thalassiosirales, n.d. this study
Thalassiosiraceae
Kongsfjord – Arctic
Entomoneis sp. Suriellales, congelation ice this study
Entomoneidaceae
Fragilariopsis nana Bacillariales, congelation ice this study
Bacillariaceae
Navicula sp. I Naviculales, congelation ice this study
Naviculaceae
Navicula sp. II Naviculales, congelation ice this study
Naviculaceae
Navicula sp. III Naviculales, congelation ice this study
Naviculaceae
Nitzschia sp. Bacillariales, congelation ice this study
Bacillariaceae
Arctic undefined
Amphora sp. Thalassiophysales, no information Janech et al. 2006
Catenulaceae
Attheya sp. Chaetocerotales, no information Janech et al. 2006
Attheyaceae
Synendra sp. Fragilariales, no information Janech et al. 2006
Fragilariaceae
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Table A.3: List of temperate diatom species tested to date for antifreeze activity. Species
with molecular information shown in bold. Temperate species did not exhibit antifreeze
activity.
Temperate species Order, family Habitat Reference
Achnanthes brevipes Achnanthales, marine Raymond et al. 1994
Achnanthaceae
Phaeodactylum tricornutum Naviculales, marine Raymond et al. 1994,
Phaeodactylaceae Janech et al. 2006,
this study
Thalassiosira pseudonana Thalassiosirales, marine Janech et al. 2006
Thalassiosiraceae
Thalassiosira sp. Thalassiosirales, marine Raymond et al. 1994
Thalassiosiraceae
Cyclotella meneghiniana Thalassiosirales, freshwater Raymond et al. 1994
Stephanodiscaceae
Nitzschia palea Bacillariales, freshwater Raymond et al. 1994
Bacillariaceae
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